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(57) A capacitive load driving circuit (1 ) for charging 
and discharging a capacitive load (11) is provided with 
a voltage divider (5) for dividing a power supply voltage 
(VH) into a plurality of different voltages (V1 -V9), a plu- 
rality of condensers (2a-i) to which the voltages (V1 -V9) 
are respectively charged as terminal voltages, and a 
switch (7) for switching connections between the capac- 
itive load (11) and the condensers (2a-i), the switch (7) 
sequentially connecting the condensers (2a-i) in an as- 
cending order of the terminal voltages so that electro- 
static energy is supplied to the capacitive load (1 1 ) when 
the capacitive load (11) is charged, the switch (7) se- 
quentially connecting the condensers (2a-i) in a de- 
scending order of the terminal voltages so that electro- 
static energy is collected from the capacitive load (11) 
when the capacitive load (11) is discharged. With this, 
it is possible to provide a capacitive load drive circuit 
having a simple circuit configuration and capable of ef- 
ficiently collecting and reusing energy accumulated in 
the capacitive load, and a capacitive load driving meth- 
od. 
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Description 

TECHNICAL FIELD 

5 [0001 ] The present invention relates to a capacitive load drive circuit and a capacitive load driving method for driving 
a capacitive load; and an apparatus using the same. More specifically, the present invention relates to (A) a capacitive 
load drive circuit for driving a capacitive load, which is provided in an image forming apparatus that uses a piezoid and 
an electrostatic drive electrode to jet out ink, the piezoid and the electrostatic drive electrode being capacitive loads, 
a discharge electrode of a plasma display, a drive circuit of a liquid crystal display, or the like, (B) a capacitive load 

10 driving method, and (C) an apparatus using the same (in particular, apparatus that includes a capacitive load and a 
capacitive load drive circuit), such as an image forming apparatus, a display apparatus, a voltage pulse generating 
apparatus, and a DC-AC converter. The present invention particularly relates to a capacitive load drive circuit and a 
capacitive load driving method that are capable of reducing electrical power consumption; and an apparatus using the 
same, such as an image forming apparatus, a display apparatus, and a voltage pulse generating apparatus, and a 

15 DC-AC converter. 

BACKGROUND ART 

[0002] Conventionally known ink-jet printers include an ink-jet printer that uses a piezoid to jet out ink (see Patent 

20 Document 1 (Japanese Unexamined Patent Publication No. 247051/1988, Tokukaisho 63-247051, published on Oc- 
tober 13, 1988) and Patent Document 2 (Japanese Unexamined Patent Publication No. 10043/2001, Tokukai 
2001-10043, published on January 16, 2001), for example), an ink-jet printer employing an electrostatic method, and 
an ink-jet printer employing a thermal method (see Patent Document 3 (Japanese Unexamined Patent Publication No. 
238245/2000, Tokukai 2000-238245, published on September 5, 2000), for example). 

25 [0003] In an ink-jet printer that uses a piezoid to jet out ink, the piezoid is provided to a pressure generating chamber 
which is connected to a nozzle orifice of an ink-jet head. In accordance with a voltage applied as a drive signal to the 
piezoid which is a capacitive load, the piezoid is caused to repeat charging and discharging, thereby jetting out ink 
from the nozzle orifice. Here, a capacitive load drive circuit that drives such a capacitive load will be discussed. 
[0004] Figure 25 shows a capacitive load drive circuit employing a push-pull method, as an example of the conven- 

30 tional capacitive load drive circuit as described above. As shown in a circuit diagram of Figure 25(a), the capacitive 
load drive circuit is connected to a condenser CL which is a capacitive load. With respect to a principle voltage V which 
is applied to the capacitive load drive circuit, the condenser CL is driven under the control of a transistor Vupd provided 
at a charge path for supplying energy to the condenser CL, and a transistor Vdwnd provided at a discharge path for 
removing energy from the condenser CL. 

35 [0005] Figures 25(b) and 25(c) are waveform charts showing waveforms of control signals for respectively controlling 
the operation of the transistors Vupd and Vdwnd. When the two transistors Vupd and Vdwnd operate in response to 
the control signals shown in Figures 25(b) and 25(e), a terminal voltage V0 of the condenser CL changes as time 
elapses as shown in Figure 25(d), and a current Ic flowing through a resistance R changes as time elapses as shown 
in Figure 25(e). 

40 [0006] Namely, in the push-pull method as shown in Figure 25(a), the transistor Vupd is switched ON to supply a 
charge current to the capacitive load via the charge path, and then the transistor Vdwnd is switched ON to discharge 
all of the electric charge to the ground via the discharge path. 

[0007] In the conventional capacitive load drive circuit, all of the electric charge which is accumulated in the condenser 
CL is discharged to the ground. In other words, all of the electrostatic energy accumulated in the condenser CL is 
45 discarded, resulting in a problem of large power consumption. For example, when a frequency f of Vupd is 126 kHz, 
a capacitance CL of the condenser CL is 0.1 jiF, and a principle voltage V is 20 V, an average power supply current 
is as follows. 

50 f X CL X V = 0.2520 A 

Accordingly, electrical power consumption is 5.04 W. 

[0008] For this reason, suggested is a capacitive load drive circuit that collects the electric charge discharged from 
the capacitive load and reuses the collected electric charge to charge the capacitive load, aiming to reduce the electrical 
55 power consumption. For example, Patent Document 4 (Japanese Unexamined Patent Publication No. 314364/1999, 
Tokukaihei 1 1 -31 4364, published on November 1 6, 1 999) discloses a record head drive circuit. This record head drive 
circuit during printing operation uses a discharge current discharged from the piezoid (piezoelectric vibrating element) 
to charge a secondary power source (secondary battery or large-capacity capacitor) by a mutual induction effect pro- 
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duced by a magnetic circuit, and reuses the electric charge accumulated in the secondary power source to charge the 
piezoid. 

[0009] A further known technique is to use LC resonance to collect electrical power in a drive circuit that drives a 
discharge cell of a plasma display panel (see Patent Document 5 (U.S. Patent No. 4866349, published on September 
5 12, 1989)). An example of the drive circuit that uses the LC resonance to collect electrical power from the discharge 
cell will be explained with reference to Figure 28. Note that, in Figure 28, Cd is a capacitive component (capacitive 
load) of the plasma display panel which is the capacitive load, Css is a condenser, S1 through S4 are switches, L is 
an inductor, D 1 and D2 are rectifying diodes, and 2V0 is a power supply terminal which supplies a power supply voltage 
2V0. 

w [0010] First, an initial potential V0 is initially supplied to the condenser Css. Here, it is assumed that the potential of 
Cd is initially 0. Further, it is assumed that a capacitance Css of the condenser Css is sufficiently larger than a capac- 
itance Cd of the capacitive load Cd. 

[0011] Next, the charging and discharging operation of the capacitive load Cd in the above arrangement will be 
explained with reference to Figure 29. Figure 29 shows changes in a terminal voltage V of the capacitive load Cd, and 
15 states of the switches S1 through S4. Note that, the switches S1 through S4 are turned OFF except during the periods 
"On" as indicated in Figure 29. 

[0012] When charging, only the switch S1 is turned ON among the switches S1 through S4. Then, a current from 
the condenser Css flows into the capacitive load Cd via the inductor L, so as to charge the capacitive load Cd (© in 
Figure 29). Due to the LC resonance, the capacitive load Cd is charged so as to have the terminal voltage V of not 
20 less than V0 ((g) in Figure 29). The rectifying diode D 1 prevents the inversion of current, so that the terminal voltage 
V of the capacitive load Cd is clamped (® in Figure 29). Following this, the switch S1 is turned OFF, and then the 
switch S3 is turned ON. With this, the capacitive load Cd is charged to have the terminal voltage V of 2V0 (@ in Figure 
29). 

[0013] When discharging, the switch S3 is turned OFF, and then the switch S2 is turned ON. With this, a current from 
25 the condenser Cd flows into the condenser Css via the inductor L, so as to discharge the capacitive load Cd and charge 
the condenser Css (® in Figure 29). Due to the LC resonance, the capacitive load Cd is discharged so as to have 
the terminal voltage V of less than V0 ((6) in Figure 29). The rectifying diode D2 prevents the inversion of current, so 
that the terminal voltage V of the capacitive load Cd is cramped ((7) in Figure 29). Following this, the switch S2 is 
turned OFF, and then the switch S4 is turned ON. With this, the capacitive load Cd is discharged to have the terminal 
30 voltage V of 0 ((§) in Figure 29). In this manner, this arrangement can collect electrical power from the capacitive load 
Cd to the condenser Css using the LC resonance. 

[0014] Further, a prior example shows that a plurality of inductors L are selectively used in a circuit which collects 
electrical power using the LC resonance as described above (see Patent Document 6 (Japanese Unexamined Patent 
Publication No. 87189/1990, Tokukaihei 2-87189, published on March 28, 1990; Japanese Patent No. 2771523)). 
35 [0015] Further, Patent Document 7 (Japanese Unexamined Patent Publication No. 170529/1999, Tokukaihei 
11-170529, published on June 29, 1999) and Patent Document 8 (Japanese Unexamined Patent Publication No. 
218782/2000, Tokukai 2000-218782, published on August 2, 2000) describe a circuit in which an inductor is inserted 
to collect energy. 

[0016] Further, another known method is that, when a capacitive load is discharged, electric charge is accumulated 
40 in a condenser and is discharged to the ground only for an amount that exceeds the accumulating capacity of the 
condenser, and when the capacitive load is charged, the electric charge accumulated in the condenser is reused to 
charge a piezoid. Only an amount of electric charge to charge up the piezoid form the level of the electric charge thus 
accumulated is supplied from a power source. For example, Patent Document 9 (Japanese Unexamined Patent Pub- 
lication No. 322560/1997, Tokukaihei 9-322560, published on December 12, 1997; Japanese Patent No. 3120210) 
45 discloses a technique to reuse a part of electric charge charged to a capacitive load in a drive circuit of a capacitive 
load such as an EL (electroluminescence) element. In this technique, a condenser is provided in the drive circuit; and 
when the capacitive load is discharged, only a remaining portion of the charged electric charge is discharged after a 
part of the charged electric charge is sent to the condenser, and the capacitive load starts charging after the electric 
charge moved to the condenser is sent back to the capacitive load, thereby reusing a part of electric charge charged 
50 to the capacitive load in the drive circuit of the capacitive load. As a method to collect and reuse electrostatic energy, 
Patent Document 9 discloses a method in which a condenser 263 collects and reuses electrostatic energy from a 
capacitive load (EL element) 261, as shown in Figure 26. 

[0017] Next, the operation of the capacitive load drive circuit disclosed in Patent Document 9 will be concretely 
explained with reference to Figure 27. Note that, to make the operation principle easily understandable, a drive voltage 
55 generating circuit as described in Patent Document 9 is schematically shown with a power supply terminal VH having 
a power supply voltage VH, and ON/OFF control of the drive voltage generating circuit as described in Patent Document 
9 is schematically shown with a switch 262, in Figures 26 and 27. 

[0018] First, the capacitive load 261 and the regenerative condenser 263 are initially grounded via the switches 264 
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and 265 which are turned ON, as shown in Figure 26(a). Here, the switch 262 is turned OFF so as to stop a drive 
voltage from being supplied from the power supply terminal VH (drive voltage generating circuit; not shown) into the 
capacitive load 261 . 

[0019] Next, as shown in Figure 27(b), the switches 264 and 265 are turned OFF, and then the switch 262 is turned 
5 ON. Accordingly, the power supply terminal VH outputs the power supply voltage VH to the capacitive load 261 via the 
switch 262 which is turned ON, so as to charge the capacitive load 261 with the power supply voltage VH from the 
power supply terminal VH. This raises a terminal potential of the capacitive load 261 so as to be equal to the power 
supply voltage VH. 

[0020] Next, as shown in Figure 27(c), the switch 262 is turned OFF; and the switch 265 is turned ON. This stops 
10 the drive voltage from being supplied from the power supply terminal VH to the capacitive load 261 ; and connects one 
end of the capacitive load 261 with the condenser 263. As a result, a part of the electric charge charged in the capacitive 
load 261 moves to the condenser 263 so that the capacitive load 261 is discharged and the condenser 263 collects 
the part of electrostatic energy accumulated in the capacitive load 261 . 

[0021] Next, as shown in Figure 27(d), the switch 265 is turned OFF, and then the switch 264 is turned ON. With 
15 this, remaining electric charge in the capacitive load 261 is discharged to the ground (power supply terminal; not shown) 

via the switch 264. In other words, the remaining energy in the capacitive load 261 is consumed via the switch 264. 

Namely, with this step, a voltage of the capacitive load 261 becomes equal to a ground potential. 

[0022] Further, in order that the capacitive load 261 having an initial electric charge of "0" can reuse the electrostatic 

energy collected in the condenser 263, the switch 264 is turned OFF, and then the switch 265 is turned ON, as shown 
20 in Figure 27(e). With this, the electric charge charged in the condenser 263 moves to the capacitive load 261 , so that 

electrical power is fed back from the condenser 263 to the capacitive load 261 . 

[0023] After this, the capacitive load 261 is driven by repeating the operation of Figures 27(b) through 27(e). In this 
way, a part of the electric charge emitted (discharged) from the capacitive load 261 is collected to the condenser 263 
and is sent back to the capacitive load 261 , so that electrical power is regenerated in the capacitive load 261 . 

25 [0024] Note that, also known are techniques to reduce electrical power consumption by collecting and reusing electric 
charge accumulated in a liquid crystal display panel (see Patent Document 10 (Japanese Unexamined Patent Publi- 
cation No. 326863/1999, Tokukaihei 11-326863, published on November 26, 1999), Patent Document 11 (Japanese 
Unexamined Patent Publication No. 352459/1 999, Tokukaihei 1 1 -352459, published on December 24, 1 999), and Pat- 
ent Document 12 (Japanese Unexamined Patent Publication No. 22329/2001, Tokukaihei 2001-22329, published on 

30 January 26, 2001)). 

[0025] Further, Patent Document 13 (Japanese Unexamined Patent Publication No. 206191/1999, Tokukaihei 
1 1 -2061 91 , published on July 26, 1 999) discloses a motor control circuit. 

[0026] However, the power regenerating circuit which uses the mutual induction effect with respect to a magnetic 
circuit, as described in Patent Document 4, cannot efficiently collect and reuse the electrostatic energy accumulated 
35 in the capacitive load because of the conversion efficiency of the mutual induction effect and the efficiency of a charge 
circuit. 

[0027] The record head drive circuit of Patent Document 4 uses the mutual induction between inductances to gen- 
erate an induced electromotive force from a current discharged from the piezoid, and the generated induced electro- 
motive force is charged to the secondary battery or the large-capacity condenser. With this arrangement, the electro- 

40 static energy can be collected and reused repeatedly. On the other hand, because of the need for the inductances, 
leads to a complicated configuration, and loss of electrostatic energy due to a DC resistive component of the induct- 
ances and loss due to the efficiency of the mutual induction between the inductances. This results in lowered efficiency 
in collecting electric charge. Further, together with loss due to the charge circuit which uses the induced electromotive 
force to charge the secondary battery or the large-capacity condenser, the total system has a collection efficiency of 

45 50% at most. 

[0028] The arrangements of Patent Documents 5 and 6 have problems as described below. 
[0029] First, the arrangement of Patent Document 5 is only applicable to usage in which a capacitance value of the 
capacitive load to be driven is fixed or almost fixed. In other words, in case many piezoids in an ink-jet head are driven, 
for example, the capacitance value of the capacitive load widely varies depending on the number of piezoids for jetting 

50 out ink. Further, in a plasma display, the number of light-emitting elements to be illuminated widely varies the capaci- 
tance value of the capacitive load in case a drive circuit drives many light-emitting elements. In the arrangement of 
Patent Document 5, changes in the capacitance value of the capacitive load vary a frequency of the LC resonance, 
thereby varying operation characteristics of the circuit. When the capacitive load has a large capacitance value, in 
particular, there is a possibility that the rising of the waveform delay, thereby hindering the terminal voltage of the 

55 capacitive load from rising to a predetermined voltage in a period in which the switch S1 is turned ON. This results in 
a lowered regeneration ratio. For this reason, it is difficult to apply the arrangement of Patent Document 5 in order to 
drive the capacitive load whose capacitance value widely changes, such as a capacitive component of an ink-jet head 
using a piezoid, for example. Of course, the circuit of Patent Document 5 may be provided to each piezoid of the ink- 
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jet head. In this case, however, it is necessary to provide many inductors L, resulting in an extremely large circuit scale. 
[0030] The above problems could be solved by continuously varying the inductances L of the inductors L in accord- 
ance with the changes in the capacitance value of the capacitive load, but it is difficult to continuously vary the induct- 
ances L of the inductors L. 

[0031] Further, the arrangement of Patent Document 6 in which the plurality of inductors L are switched over can 
solve the above problems to a certain extent, but the circuit scale accordingly becomes large because the plurality of 
inductors L are provided. Namely, this arrangement can be applied to only a limited range of usage. 
[0032] Further, the arrangements employing the inductor L (coil) have common problems such as a large circuit 
scale, difficulty in arranging circuits due to leak of magnetic flux, and high costs. 

[0033] Further, Patent Documents 7 and 8 do not describe a technique to collect and reuse electrostatic energy. 
[0034] The capacitive load drive circuit of Patent Document 9 has problems such that efficiency of the condenser in 
collecting electric charge is low, and thus power regeneration efficiency of the capacitive load (ratio of regenerated 
electrical power to initial electrical power) is low. 

[0035] Namely, in the step of Figure 27(b), a terminal potential V (Cd) of the capacitive load 261 is as follows: 

V (Cd) = VH 

[0036] When a part of energy of the capacitive load 261 is collected by the condenser 263 in the step 27(c), the 
terminal potential V (Cd) of the capacitive load 261 and a terminal voltage V (Cs) of the condenser 263 are as follows: 

V (Cd) = V (Cs) = {Cd / (Cd + Cs)} VH, 

where Cd is the capacitance of the capacitive load 261 , and Cs is the capacitance of the condenser 263. For example, 
when the capacitance of the capacitive load 261 equals to the capacitance of the condenser 263, a voltage VH/2 is 
supplied to the condenser 263. 

[0037] The voltage V (Cd) which is supplied to the capacitive load 261 in the step of Figure 27(e) is as follows. 

V (Cd) = {Cd ■ Cs / (Cd + Cs) 2 } VH 

For example, when the capacitance of the capacitive load 261 equals to the capacitance of the condenser 263, a 
voltage VH/4 is supplied to the capacitive load 261. The maximum power regeneration ratio can be achieved when 
the terminal potential V (Cd) of the capacitive load 261 after the power regeneration is at the maximum. Here, a re- 
generation ratio Re of the voltage with respect to an initial voltage VH is as follows. 

Re = Cd ■ Cs / (Cd + Cs) 2 

[0038] This expression is alternatively expressed as below, using a capacitance ratio of the capacitive load 261 to 
the condenser 263, X = Cd/Cs. 

Re = X/(1 +X) 2 

Accordingly, the power regeneration ratio is maximum when X=1 , namely when the capacitance of the capacitive load 
261 equals to the capacitance of the condenser 263. 

Re= 1 /(1 + 1) 2 = 1/4 

Therefore, the arrangement of Patent Document 7 theoretically has a maximum regeneration ratio of 25%. After charg- 
ing and discharging are repeated, reusing efficiency becomes much lower than 25% due to remaining electric charge. 
[0039] Note that, with the arrangements of Patent Documents 8 through 10, the electric charge accumulated in the 
liquid crystal display panel cannot be efficiently collected and reused. Further, Patent Document 13 does not describe 
any technique to collect and reuse electrostatic energy. 
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DISCLOSURE OF INVENTION 

[0040] In view of the foregoing problems,, an object of the present invention is to provide a capacitive load drive 
circuit having a simple circuit configuration and capable of efficiently collecting and reusing energy accumulated in a 

5 capacitive load; a capacitive load driving method; and an apparatus such as an image forming apparatus, which is 
provided with a capacitive load and a capacitive load drive circuit and which consumes lower electrical power. 
[0041 ] In order to solve the foregoing problems, a capacitive load of the present invention for charging and discharging 
a capacitive load is characterized by including a plurality of energy accumulating elements for dividedly accumulating 
electrostatic energy supplied from a power source; and switching means for selectively connecting the capacitive load 

10 and the plurality of energy accumulating elements, (A) when charging the capacitive load, the switching means selec- 
tively connecting the capacitive load and the plurality of energy accumulating elements so that the plurality of energy 
accumulating elements sequentially supply electrostatic energy to the capacitive load, and (B) when discharging the 
capacitive load, the switching means selectively connecting the capacitive load and the plurality of energy accumulating 
elements so that the plurality of energy accumulating elements sequentially collect electrostatic energy from the ca- 

15 pacitive load. 

[0042] With this arrangement, the plurality of energy accumulating elements sequentially supply electrostatic energy 
to the capacitive load, and the plurality of energy accumulating elements sequentially collect electrostatic energy from 
the capacitive load, thereby collecting and reusing energy highly efficiently. Further, the above capacitive load drive 
circuit is so arranged that the electrostatic energy accumulated in the energy accumulating elements is directly col- 
20 lected, thereby only requiring a simple circuit configuration. With this arrangement, it is possible to reduce energy 
consumed during the cycle of charging and discharging the capacitive load, and using a simple circuit it is possible to 
achieve the collection efficiency of electrical power in accordance with the number of the electrostatic energy accumu- 
lating elements. 

[0043] Further, with the arrangement, a waveform can be shaped by changing the switching time. Thus, even when 
25 the capacitance of the capacitive load changes, this does not affect the rate of rise (slew rate) of the total waveform, 
thereby achieving stable operation. 

[0044] In order to solve the foregoing problems, a capacitive load drive circuit of the present invention for charging 
and discharging a capacitive load is characterized by including a plurality of energy accumulating elements to which 
a plurality of different initial potentials are respectively applied; a reference potential terminal to which either a reference 

30 power supply potential from a power source or a ground potential is applied as a reference potential; and switching 
means for selectively connecting (A) the energy accumulating elements and the reference potential terminal with (B) 
the capacitive load, one of the plurality of energy accumulating elements being a first energy accumulating element 
having a first initial potential which is not 0, one of the plurality of energy accumulating elements being a second energy 
accumulating element having a second initial potential whose polarity is the same as a polarity of the first initial potential 

35 and whose absolute value is larger than an absolute value of the first initial potential, the reference potential being 
either (a) the ground potential, (b) a potential which has the same polarity as the first initial potential supplied from the 
power source and which has a smaller absolute value than the first initial potential, or (c) a potential whose polarity is 
reverse to the polarity of the first initial potential supplied form the power source, the switching means carrying out (i) 
a first charging step of selectively connecting the capacitive load with the reference potential terminal and then selec- 

40 tively connecting the capacitive load with the first energy accumulating element so as to change, toward the first initial 
potential, a terminal voltage of the capacitive load, (ii) a second charging step of selectively connecting the capacitive 
load with the second energy accumulating element so as to increase an absolute value of the terminal voltage of the 
capacitive load, and (iii) a discharging step of selectively connecting the capacitive load with the first energy accumu- 
lating element so as to decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate 

45 electrostatic energy to be accumulated in the first energy accumulating element, the thus regenerated electrostatic 
energy being approximately equal to electrostatic energy as accumulated in the first energy accumulating element 
before the step (i), the steps (i) through (iii) being carried out in this order. Further, the capacitive load drive circuit may 
be so arranged that the reference potential terminal is a ground terminal having the ground potential; the switching 
means is a plurality of switching elements, which are respectively provided between (A) the ground terminal and the 

50 plurality of energy accumulating elements and (B) the capacitive load, for selectively connecting (A) the ground terminal 
and the plurality of energy accumulating elements with (B) the capacitive load; and at least the accumulating element 
that has an initial potential whose absolute value is largest among the plurality of accumulating elements is connected 
with the power source directly or indirectly (via a circuit). 

[0045] In order to solve the foregoing problems, a capacitive load drive circuit of the present invention for charging 
55 and discharging a capacitive load is characterized by including a power supply terminal to which a power supply po- 
tential from a power source is applied; a plurality of energy accumulating elements to which a plurality of different initial 
potentials are respectively applied; and switching means for selectively connecting (A) the energy accumulating ele- 
ments and the power supply terminal with (B) the capacitive load, one of the plurality of energy accumulating elements 
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being a first energy accumulating element having a first initial potential whose polarity is the same as a polarity of the 
power supply potential and whose absolute value is smaller than an absolute value of the power supply potential, one 
of the plurality of energy accumulating elements being a third energy accumulating element having either (a) a potential 
whose polarity is the same as the polarity of the first initial potential and whose absolute value is smaller than the 
absolute value of the first initial potential, (b) a ground potential, or (c) a third initial potential whose polarity is reverse 
to the polarity of the first initial potential, the switching means carrying out (i) a first charging step of selectively con- 
necting the capacitive load with the third energy accumulating element and then selectively connecting the capacitive 
load with the first energy accumulating element so as to change, toward the first initial potential, a terminal voltage of 
the capacitive load, (ii) a second charging step of selectively connecting the capacitive load with the power supply 
terminal so as to increase an absolute value of the terminal voltage of the capacitive load, and (iii) a discharging step 
of selectively connecting the capacitive load with the first energy accumulating element so as to decrease the absolute 
value of the terminal voltage of the capacitive load and so as to regenerate electrostatic energy to be accumulated in 
the first energy accumulating element, the thus regenerated electrostatic energy being approximately equal to elec- 
trostatic energy as accumulated in the first energy accumulating element before the step (i), the steps (i) through (iii) 
being carried out in this order. 

[0046] In order to solve the foregoing problems, a capacitive load drive circuit of the present invention for charging 
and discharging a capacitive load is characterized by including a plurality of energy accumulating elements to which 
a plurality of different initial potentials are respectively applied; and switching means for selectively connecting the 
plurality of energy accumulating elements with the capacitive load, one of the plurality of energy accumulating elements 
being a first energy accumulating element having a first initial potential which is not 0, one of the plurality of energy 
accumulating elements being a second energy accumulating element whose absolute value is larger than an absolute 
value of the first initial potential, one of the plurality of energy accumulating elements being a third energy accumulating 
element having either a potential whose polarity is the same as a polarity of the first initial potential and whose absolute 
value is smaller than the absolute value of the first initial potential, a ground potential, or a third initial potential whose 
polarity is reverse to the polarity of the first initial potential, the switching means carrying out (i) a first charging step of 
selectively connecting the capacitive load with the third energy accumulating element and then selectively connecting 
the capacitive load with the first energy accumulating element so as to change, toward the first initial potential, a terminal 
voltage of the capacitive load, (ii) a second charging step of selectively connecting the capacitive load with the second 
energy accumulating element so as to increase an absolute value of the terminal voltage of the capacitive load, and 
(iii) a discharging step of selectively connecting the capacitive load with the first energy accumulating element so as 
to decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate electrostatic 
energy to be accumulated in the first energy accumulating element, the thus regenerated electrostatic energy being 
approximately equal to electrostatic energy as accumulated in the first energy accumulating element before the step 
(i), the steps (i) through (iii) being carried out in this order. 

[0047] The capacitive load drive circuit may be arranged so as to further include a ground terminal having the ground 
potential, the switching means being a plurality of switching elements, which are respectively provided between (A) 
the ground terminal and the plurality of energy accumulating elements and (B) the capacitive load, for selectively 
connecting (A) the ground terminal and the plurality of energy accumulating elements with (B) the capacitive load, at 
least the accumulating element that has an initial potential whose absolute value is largest among the plurality of 
accumulating elements being directly or indirectly connected with the power source. Further, the capacitive load drive 
circuit may be so arranged that the switching means is a plurality of switching elements, which are respectively provided 
between the plurality of energy accumulating elements and the capacitive load, for selectively connecting the plurality 
of energy accumulating elements with the capacitive load, at least the accumulating element that has an initial potential 
whose absolute value is largest among the plurality of accumulating elements is directly or indirectly connected with 
the power source. 

[0048] In order to solve the foregoing problems, a capacitive load drive circuit of the present invention for charging 
and discharging a capacitive load is characterized by including a power supply terminal to which a power supply po- 
tential from a power source is applied; a reference potential terminal to which either a reference power supply potential 
supplied from a reference power source which is different from the power supply potential or a ground potential is 
applied as a reference potential; a plurality of first energy accumulating elements to which initial potentials are respec- 
tively applied, the initial potentials being different from one another and being between the reference potential and the 
power supply potential; and switching means for selectively connecting (A) the reference potential terminal, the plurality 
of energy accumulating elements, and the power supply terminal with (B) the capacitive load, the switching means 
carrying out the steps of (1 ) connecting the capacitive load with the reference potential terminal and then sequentially 
connecting the capacitive load with the first energy accumulating elements in an order of the initial potentials from the 
initial potential closest to the reference potential, so as to change, toward the power supply potential, a terminal voltage 
of the capacitive load, (2) selectively connecting the capacitive load with the power supply terminal so as to increase 
an absolute value of the terminal voltage of the capacitive load, and (3) selectively connecting the capacitive load with 
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the first energy accumulating elements in an order of the initial potentials from the initial potential closest to the power 
supply potential, so as to decrease the absolute value of the terminal voltage of the capacitive load and so as to 
regenerate electrostatic energy to be accumulated in the first energy accumulating elements, the thus regenerated 
electrostatic energy being approximately equal to electrostatic energy as accumulated in the first energy accumulating 

5 elements before the step (1), the steps (1) through (3) being carried out in this order. 

[0049] With these arrangements, when decreasing the absolute value of the terminal voltage of the capacitive load 
so as to discharge the capacitive load, it is possible to regenerate electrostatic energy accumulated in the first energy 
accumulating elements to be approximately equal to electrostatic energy as accumulated in the first energy accumu- 
lating elements before supplying energy to the capacitive load. Therefore, the first energy accumulating elements do 

10 not apparently consume energy, thereby regenerating electrical power highly efficiently. 

[0050] In these arrangements, a DC power source may be connected to the first energy accumulating element via 
a resistance circuit, the DC power source supplying energy into the first energy accumulating element so as to prevent 
a voltage drift of the first energy accumulating element caused by the charging and discharging of the capacitive load. 
[0051] With this, it is possible to prevent the voltage drift, thereby improving the electrical power regeneration ratio. 

15 [0052] The capacitive load drive circuit that employs the DC power source for preventing the voltage drift is preferably 
arranged so that a drive pulse having a predetermined cycle is applied to the capacitive load; and a time constant 
determined by a resistance value of the resistance circuit and a capacitive component of the first energy accumulating 
element is larger than the cycle of the drive pulse applied to the capacitive load, by 50 times or more. Further, the 
capacitive load drive circuit that employs the DC power source for preventing the voltage drift is preferably arranged 

20 so that a drive pulse having a predetermined cycle is applied to the capacitive load; the switching means carries out 
a charging step of selectively connecting the capacitive load to different points so as to supply electrostatic energy to 
the capacitive load, the charging step being repeated in a plurality of times within one cycle of the drive pulse; and the 
following relationship is satisfied: 

25 

3 x Tp < Rs-Cs < 6 x Tp, where N=2; 



3 x Tp< Rs-Cs < 7 x Tp, where N=3; 

30 

3 x Tp < Rs-Cs < 8 x Tp, where N=4; and 



35 3 x Tp < Rs-Cs < 10 x Tp, where N>5, 

where Cs is a capacitive component of the first energy accumulating element, Tp is the cycle of the drive pulse 
applied to the capacitive load, Rs is a resistance value of an energy supplying path from the DC power source to the 
first energy accumulating element, and N is the number of repeating the charging step during the cycle of the drive pulse. 

40 [0053] The capacitive load drive circuit as arranged above may be so arranged that (A) the capacitive load drive 
circuit for generating a positive pulse in which each of the energy accumulating elements has an initial potential whose 
polarity is positive and (B) the capacitive load drive circuit for generating a negative pulse in which each of the energy 
accumulating elements has an initial potential whose polarity is negative are connected in parallel. 
[0054] In this case, a terminal having a potential closest to the ground potential consumes (A) energy supplied from 

45 the electrostatic energy accumulating element having the highest positive initial potential (for generating a positive 
pulse), (B) energy supplied from the energy supplied from the electrostatic energy accumulating element having the 
lowest negative initial potential (for generating a negative pulse), and (C) energy supplied from the electrostatic energy 
accumulating element having the lowest potential on the (-) pulse generating side. 

[0055] In order to solve the foregoing problems, an apparatus of the present invention which includes a capacitive 
so load and a capacitive load drive circuit for charging and discharging the capacitive load is characterized in that the 
capacitive load drive circuit includes a power supply terminal to which a power supply potential is applied from a power 
source; a reference potential terminal to which either a reference power supply potential supplied from the power source 
which is different from the power supply potential, or a ground potential is applied as a reference potential; an energy 
accumulating element to which an initial potential between the reference potential and the power supply potential is 
55 applied; and switching means for selectively connecting (A) the reference potential terminal, the energy accumulating 
element, and the power supply terminal with (B) the capacitive load, the switching means carrying out (i) a first charging 
step of connecting the capacitive load with the reference potential terminal and then connecting the capacitive load 
with the energy accumulating element, (ii) a second charging step of selectively connecting the capacitive load with 
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the power supply terminal, and (iii) a discharging step of connecting the capacitive load with the energy accumulating 
element, the steps (i) through (iii) being carried out in this order, the following relationship being satisfied: 

5 Cd/Cs < 0.164{Ts/(R-Cd)}° 2198 , if Ts/(R-Cd) < 2.5; 

and 

10 Cd/Cs < 0.2, if Ts/(R-Cd) > 2.5, 

where Cs is a capacitive component of the energy accumulating element, Cd is a capacitance of the capacitive 
load, Ts is a time during which the energy accumulating element is kept connected to the capacitive load, and R is a 
resistance value of charge and discharge paths of the energy accumulating element with respect to the capacitive 

15 load, the charge and discharge paths including switching means. 

[0056] Further, in order to solve the foregoing problems, an apparatus of the present invention which includes a 
capacitive load and a capacitive load drive circuit for charging and discharging the capacitive load is characterized in 
that the capacitive load drive circuit includes a power supply terminal to which a power supply potential is applied from 
a power source; a reference potential terminal to which either a reference power supply potential supplied from the 

20 power source which is different from the power supply potential, or a ground potential is applied as a reference potential; 
a plurality of energy accumulating elements to which initial potentials are respectively applied, the initial potentials 
being different from one another and being between the reference potential and the power supply potential; and switch- 
ing means for selectively connecting (A) the reference potential terminal, the plurality of energy accumulating elements, 
and the power supply terminal with (B) the capacitive load, the switching means carrying out (i) a first charging step 

25 of connecting the capacitive load with the reference potential terminal and then sequentially connecting the capacitive 
load with the energy accumulating elements in an order of the initial potentials from the initial potential closest to the 
reference potential, (ii) a second charging step of selectively connecting the capacitive load with the power supply 
terminal, and (iii) a discharging step of sequentially connecting the capacitive load with the energy accumulating ele- 
ments in an order of the initial potentials from the initial potential closest to the power supply potential, the steps (i) 

30 through (iii) being carried out in this order, the following relationship being satisfied: 

Cd/Cs < 0.154{Ts/(R-Cd)} 0 2198 , if Ts/(R-Cd) < 2.5; 

35 and 

Cd/Cs < 0.2, if Ts/(R-Cd) > 2.5, 

40 where Cs is a capacitive component of the energy accumulating elements, Cd is a capacitance of the capacitive 

load, Ts is a time during which the energy accumulating elements are kept connected to the capacitive load, and R is 
a resistance value of charge and discharge paths of the energy accumulating elements with respect to the capacitive 
load, the charge and discharge paths including switching means. 

[0057] With these arrangements, when decreasing the absolute value of the terminal voltage of the capacitive load 
45 so as to discharge the capacitive load, it is possible to regenerate electrostatic energy accumulated in the first energy 
accumulating elements to be approximately equal to electrostatic energy as accumulated in the first energy accumu- 
lating elements before supplying energy to the capacitive load. Therefore, the first energy accumulating elements do 
not apparently consume energy, thereby regenerating electrical power highly efficiently. 

[0058] Further, with these arrangements, the voltage of the capacitive load reaches 90% of the final attainment 
50 voltage (final voltage attained by the capacitive load after repeating the first through third steps infinitely) during the 
first through third steps. With this, change in the voltages of the energy accumulating elements due to the flowing of 
electric charge from the energy accumulating elements to the capacitive load is reduced, and the electrical power 
regeneration ratio in generating pulses is improved, thereby further reducing the electrical power consumption. Further, 
change in the voltages of the energy accumulating elements due to the generation of one pulse is reduced. This allows 
55 to generate a next pulse without correcting the voltage change. 

[0059] The apparatus of the present invention (apparatus having two stages) that employs the energy accumulating 
element is preferably arranged so that the following relationship is satisfied: 
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SR < V/(R-Cd) * (-0.0002y 4 + 0.001 y 3 + 0.009y 2 - 
0.1 OOy + 0.386), 

where Cd is the capacitance of the capacitive load, R is the resistance value of the charge and discharge paths 
of the energy accumulating element with respect to the capacitive load, the charge and discharge paths including the 
switching means, Ts is the time during which the energy accumulating element is kept connected to the capacitive 
load, V is a final attainment voltage, SR is a slew rate (rate of rise from 10% to 90%) of a waveform of a generated 
voltage, and y=Ts/(R-Cd). 

[0060] The apparatus of the present invention (apparatus having two stages) that employs the energy accumulating 
element is preferably arranged so that the following relationship is satisfied: 

50(V/|nsec) < V/(R-Cd) * (-0.0002y 4 + 0.001 y 3 + 
0.009y 2 -0.1 OOy + 0.386), 

where Cd is the capacitance of the capacitive load, R is the resistance value of the charge and discharge paths 
of the energy accumulating element with respect to the capacitive load, the charge and discharge paths including the 
switching means, Ts is the time during which the energy accumulating element is kept connected to the capacitive 
load, V is the final attainment voltage, and y=Ts/(R-Cd). 

[0061] The apparatus of the present invention (apparatus having three or more stages) that employs the plurality of 
energy accumulating elements is preferably arranged so that the following relationship is satisfied: 

SR < V/(R-Cd) * (0.0008y 4 - 0.012y 3 + 0.071y 2 - 
0.229y + 0.414), when N = 3; 

SR < V/(R-Cd) * (0.0023y 4 - 0.028y 3 + 0.1 38y 2 - 
0.336y + 0.434), where N = 4; and 

SR < V/(R-Cd) * (0.0026y 4 - 0.032y 3 + 0.1 53y 2 - 
0.356y + 0.413), where N > 5, 

where Cd is the capacitance of the capacitive load, R is the resistance value of the charge and discharge paths 
of the energy accumulating elements with respect to the capacitive load, the charge and discharge paths including the 
switching means, Ts is the time during which the energy accumulating elements are kept connected to the capacitive 
load, V is a final attainment voltage, N is the number of times each of the energy accumulating elements repeats a 
charging step during a cycle of a drive pulse, the SR is a slew rate (rate of rise from 10% to 90%) of a waveform of a 
generated voltage, and y=Ts/(R-Cd). 

[0062] The apparatus of the present invention (apparatus having three or more stages) that employs the plurality of 
energy accumulating elements is preferably arranged so that the following relationship is satisfied: 

50(V/jusec) < V/(R-Cd) * (0.0008y 4 - 0.01 2y 3 + 
0.071y 2 - 0.229y + 0.414), where N = 3; 

50(V/jusec) < V/(R-Cd) * (0.0023y 4 - 0.028y 3 + 
0.1 38y 2 - 0.336y + 0.434), where N = 4; and 
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50(V/|nsec) < V/(R-Cd) * (0.0026y 4 - 0.032y 3 + 
0.153y 2 - 0.356y + 0.413), when N > 5, 

5 

where Cd is the capacitance of the capacitive load, R is the resistance value of the charge and discharge paths 
of the energy accumulating elements with respect to the capacitive load, the charge and discharge paths including the 
switching means, Ts is the time during which the energy accumulating elements are kept connected to the capacitive 
load, V is the final attainment voltage, N is the number of times each of the energy accumulating elements repeats the 

10 charging step during the cycle of the drive pulse, and y=Ts/(R-Cd). 

[0063] With this arrangement, it is possible to stably operate the drive waveform generating circuit by satisfying a 
slew rate required for a waveform to be generated with respect to the circuit parameters and the time to keep connecting. 
In particular, when a high-speed slew rate is required as in an ink-jet printer, ink can be stably jetted out by setting the 
lower limit of the slew rate to 50 (V/jusec). Therefore, with this arrangement, it is possible to apply a pulse having a 

15 steep waveform, thereby achieving a good response of the apparatus. 

[0064] Note that, in the above inequities, the value of the right side (for example, V/(R-Cd) * (-0.0002y 4 + 0.001 y 3 + 
0.009y 2 - 0.1 OOy + 0.386)) should be as large as possible within a range that does not exceed the limit of the drive 
circuit, and the upper limit of the value is not particularly limited. 

[0065] An apparatus that includes the capacitive load drive circuit as arranged above and a capacitive load charged 

20 and discharged by the capacitive load drive circuit is preferably arranged so that the capacitive component of the 
energy accumulating elements is preferably larger than the capacitance of the capacitive load, by 100 times or more. 
[0066] The energy accumulating elements to be used in the present invention, such as condensers, depend on the 
waveform of a pulse to be generated. To obtain a pulse having a waveform whose rising edge is steep, it is preferable 
that the energy accumulating elements have good frequency characteristics (charge and discharge characteristics) 

25 (have a small equivalent resistance R). With this, the energy accumulating elements are switched from one stage to 
the next only after the voltage of the capacitive load is saturated to a certain extent, thereby achieving a pulse having 
a waveform whose rising edge is steep. For example, with an arrangement in which the ON resistance of the switching 
elements connected to the energy accumulating elements is small, the equivalent resistance R can be smaller so as 
to improve the charge and discharge characteristics of the energy accumulating elements. 

30 [0067] When the capacitive component of the energy accumulating elements is not less than the capacitance of the 
capacitive load by 100 times or more, it is possible to stably operate the drive system. Further, when the capacitive 
component of the energy accumulating elements is less than the capacitance of the capacitive load by 100 times or 
more, the potentials of the energy accumulating elements widely change due to energy supply to the capacitive load, 
causing a significant decrease in the electrical power regeneration ratio. 

35 [0068] Note that, a "capacitive load" in the present specification refers to a load whose main component is a capac- 
itance. The capacitive load may be a piezoid (piezoelectric body) provided in an image forming apparatus, etc; an 
electrostatic drive electrode (electrostatic actuator) provided in an ink-jet head employing an electrostatic method; a 
discharge electrode of a plasma display of an image forming apparatus; a voltage applying electrode of a liquid crystal 
display; a piezoelectric actuator (piezoid); a condenser; an electrostatic motor; an electrostatic image forming appa- 

40 ratus; and the like. Further, the capacitive load that consumes a relatively small amount of current may be applied to 
a DC-AC converting apparatus, a voltage waveform generating apparatus, and the like. 

[0069] An apparatus that employs the capacitive load and the capacitive load drive circuit in accordance with the 
present invention may be so arranged that the capacitive load is an electrostatic drive electrode or a piezoid which is 
provided in an ink-jet head that pressurizes ink so as to jet out the ink in droplets; and the capacitive load drive circuit 
45 is a drive circuit for driving the electrostatic drive electrode or the piezoid of the ink-jet head. With this arrangement, 
the apparatus generates a voltage pulse and simultaneously regenerates electrical power during the cycle of generating 
the voltage pulse, thereby consuming a small amount of electrical power when driving the piezoid or the electrostatic 
drive electrode (electrostatic actuator). Therefore, it is possible to provide an image forming apparatus that consumes 
lower electrical power. 

50 [0070] The energy accumulating element may be a secondary battery, a condenser, and the like. 

[0071] The condenser has an internal resistance smaller than that of the secondary battery, etc. Thus, the loss in 
the condenser itself is smaller than the secondary battery. Therefore, it is possible to collect and reuse electrostatic 
energy highly efficiently. 

[0072] Further, the condenser is not much degraded even after repeating charging and discharging many times and 
55 thus has a long life, thereby achieving a long time use. 

[0073] Further, the condenser generally has more excellent frequency characteristics than the secondary battery. 

Therefore, it is possible to collect electrostatic energy efficiently even in driving a pulse of about 10 jus. 

[0074] The condenser is most preferably a film condenser, a tantalum condenser, an electric double layer condenser, 
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a functional polymer condenser, and a ceramic condenser, which are excellent in the above-described characteristics 
(degradation characteristics after charging and discharging, an internal impedance, and frequency characteristics). 
[0075] On the other hand, the secondary battery requires a long time to accumulate (charge) electrostatic energy, 
but can accumulate a relatively large amount of energy, thereby maintaining a voltage for a long time. Thus, the sec- 
5 ondary battery can allow the capacitive load drive circuit to operate for a long time without voltage supply from the 
power source. 

[0076] The secondary battery may be an alkaline accumulating storage battery such as a nickel-cadmium battery, 
a nickel-hydrogen battery, and a silver oxide-cadmium battery, as well as a lithium secondary battery such as a man- 
ganese-lithium battery, a carbon-lithium battery, a lithium-polymer battery, and a lithium-ion battery. Of the secondary 

10 batteries, the lithium-ion battery is preferable because the lithium ion battery does not have memory effects such as 
the nickel-cadmium battery and the nickel-hydrogen battery, and is suitable for repeating charging and discharging. 
[0077] Further, the capacitive load drive circuit of the present invention may be arranged so as to further include an 
energy output path which is connected to a part of the energy accumulating elements, the energy output path supplying 
to an external element other than the capacitive load the electrostatic energy that the energy accumulating element 

15 collects from the capacitive load. 

[0078] With this arrangement, electrostatic energy collected to the energy accumulating elements can be used by 
an external element other than the capacitive load from which the electrostatic energy is collected, thereby efficiently 
reusing the electrostatic energy collected to the energy accumulating elements. 

[0079] It is preferable that the plurality of energy accumulating elements respectively have terminal voltages which 
20 are different from one another; and (A) when charging the capacitive load, the switching means sequentially connects 
the capacitive load with the energy accumulating elements in an ascending order of absolute values of the terminal 
voltages and (B) when discharging the capacitive load, the switching means sequentially connects the capacitive load 
with the energy accumulating elements in a descending order of the absolute values of the terminal voltages. 
[0080] With this arrangement, the energy accumulating elements are selectively connected sequentially in order of 
25 size of their terminal voltages. With this, (A) the flow of energy from the energy accumulating elements to the capacitive 
load when charging and (B) the flow of energy from the capacitive load to the energy accumulating elements when 
discharging are canceled out with each other most efficiently. This also reduces an inrush current supplied to the energy 
accumulating elements and to the capacitive load, thereby reducing energy loss. As a result, it is possible to further 
reduce electrical power consumption. 
30 [0081] The capacitive load drive circuit of the present invention may be so arranged that when discharging the ca- 
pacitive load, the switching means grounds the capacitive load, after connecting the capacitive load with the energy 
accumulating element that has the smallest terminal voltage. 

[0082] With this arrangement, it is possible to minimize the energy consumption because the electrical power con- 
sumption of the capacitive load is a value determined by a potential difference between the ground potential and the 

35 energy accumulating element that has the terminal voltage of the smallest absolute value. Further, the electric charge 
accumulated in the energy accumulating elements can be reduced to 0 before the energy accumulating elements are 
charged, thereby achieving the stable repeating operation of the energy accumulating elements. 
[0083] The capacitive load drive circuit of the present invention may be so arranged that when discharging the ca- 
pacitive load, the switching means keeps connecting the capacitive load with the energy accumulating element that 

40 has the terminal voltage of a smallest absolute value until the capacitive load starts charging, after connecting the 
capacitive load with the energy accumulating element that has the terminal voltage of the smallest absolute value. 
[0084] With this arrangement, the energy accumulated in the capacitive load can be retained and is not discarded, 
thereby collecting and reusing almost all of the electrostatic energy accumulated in the capacitive load. As a result, it 
is possible to collect and reuse the electrostatic energy accumulated in the capacitive load. In this case, by supplying 

45 electrical power to another circuit from the energy accumulating element that has the terminal voltage of the smallest 
absolute value, it is possible to collect and reuse the electrostatic energy efficiently while preventing the voltage drift 
of the energy accumulating element that has the terminal voltage of the smallest absolute value. 
[0085] Further, the capacitive load drive circuit of the present invention may be arranged so as to further include 
voltage dividing means for dividing into a plurality of different voltages, the voltage supplied from the power source and 

50 for supplying the divided voltages respectively to the energy accumulating elements. The voltage dividing means is 
provided as initial energy accumulating means for the energy accumulating elements. 

[0086] With this arrangement, during the cycle of generating a voltage pulse and simultaneously regenerating elec- 
trical power by charging and discharging the capacitive load, the voltage dividing means can compulsorily adjust the 
terminal voltages of the energy accumulating elements to predetermined voltages, even when the amount of electric 
55 charge in the energy accumulating elements is not restored to an initial value (value before supplying electrostatic 
energy) after collecting electrostatic energy from the capacitive load, due to the loss and energy emission at the ca- 
pacitive load, etc. In particular, by appropriately selecting the capability of the voltage dividing means to correct voltages, 
the voltage dividing means does not react much during the cycle of generating a voltage pulse and simultaneously 
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regenerating electrical power by charging and discharging the capacitive load, but can prevent the drift during repeat 
of the cycle of generating a voltage pulse and simultaneously regenerating electrical power. As a result, it is possible 
to supply a highly stable voltage to the capacitive load, thereby achieving stable repeating operation. 
[0087] Further, with this arrangement, the plurality of energy accumulating elements can sequentially supply different 
voltages to the capacitive load so as to sequentially increase the drive voltage of the capacitive load when charging 
the capacitive load, whereas the plurality of energy accumulating elements sequentially supply different voltages to 
the capacitive load so as to sequentially decrease the drive voltage of the capacitive load. Therefore, it is possible to 
obtain a variety of waveforms for the drive voltage by adjusting switching timings of the switching means. 
[0088] It is more preferable that the voltage dividing means equally divides the voltage supplied from the power 
source into n (n is not less than 2). With this, (A) the flow of energy from the energy accumulating elements to the 
capacitive load when charging (B) the flow of energy from the capacitive load to the energy accumulating elements 
when discharging are almost canceled out with each other most efficiently, and it is also possible to further reduce an 
inrush current supplied to the energy accumulating elements and to the capacitive load, thereby reducing energy loss. 
[0089] The capacitive load drive circuit of the present invention may be so arranged that the voltage dividing means 
includes a plurality of resistors which are connected in series with respect to the power source. With this arrangement, 
it is possible to realize the voltage dividing means in a simple configuration. 

[0090] The capacitive load drive circuit that employs the voltage dividing means including the plurality of resistors is 
preferably arranged so as to further include buffer amplification means, which is provided between (A) the resistors 
and (B) the energy accumulating elements, for amplifying a current flowing through the resistors and for outputting a 
voltage that differs from an input voltage so as to adjust to predetermined voltages, the terminal voltages of the energy 
accumulating elements. 

[0091 ] With this arrangement, the buffer amplification means can accurately adjust the terminal voltages of the energy 
accumulating elements to predetermined voltages, when the voltage divided by the resistors does not become exactly 
equal to the predetermined voltage, namely, for example, when the amount of electric charge in the energy accumulating 
elements is not restored to an initial value (value before supplying electrostatic energy) after collecting electrostatic 
energy from the capacitive load, due to the loss and energy emission at the capacitive load, etc. 
[0092] Further, with this arrangement, it is possible to reduce currents flowing through the resistors, thereby reducing 
electrical power consumed by the resistors. 

[0093] Note that, the buffer amplification means can be realized by an emitter follower. 

[0094] The capacitive load drive circuit of the present invention may be so arranged that the voltage dividing means 
includes a constant voltage element, such as a zener diode, for stabilizing the divided voltages. 
[0095] With this arrangement, the constant voltage means such as a zener diode can accurately adjust the terminal 
voltages of the energy accumulating elements to predetermined voltages, even when the amount of electric charge in 
the energy accumulating elements is not restored to an initial value (value before supplying electrostatic energy) after 
collecting electrostatic energy from the capacitive load, due to the loss and energy emission at the capacitive load, 
etc. As a result, it is possible to supply a highly stable voltage to the capacitive load, thereby achieving stable repeating 
operation. 

[0096] It is preferable that the voltage dividing means employing the constant voltage means such as a zener diode 
further includes a plurality of constant voltage elements such as zener diodes connected in series between the power 
source and a ground line; and a resistor is inserted between (A) the constant voltage elements such as zener diodes 
and (B) the power source or the ground line. 

[0097] With this arrangement, even when the sum of both terminal voltages (zener voltages in a case of zener diodes) 
of the constant voltage elements such as zener diodes is not equal to the power supply voltage, the resistor can absorb 
the difference in the voltages, thereby achieving stable repeating operation at a certain voltage. 
[0098] The capacitive load drive circuit of the present invention may be so arranged that the voltage dividing means 
employing the constant voltage elements such as zener diodes includes a first voltage divider and a second voltage 
divider connected in parallel between the power source and a ground line; each of the first voltage divider and the 
second voltage divider includes the constant voltage elements such as zener diodes; a pull-up resistor is inserted 
between the constant voltage elements such as zener diodes and the power source in the first voltage divider; and a 
pull-down resistor is inserted between the constant voltage elements such as zener diodes and the ground line in the 
second voltage divider. 

[0099] With this arrangement, even when the sum of both terminal voltages (zener voltages in a case of zener diodes) 
of the constant voltage elements such as zener diodes is not equal to the power supply voltage, the pull-up resistor 
and the pull-down resistor can absorb the difference in the voltages, thereby achieving stable repeating operation at 
a certain voltage. 

[0100] It is preferable that a difference between the number of constant voltage elements such as zener diodes 
included in the first voltage divider and the number of constant voltage elements such as zener diodes included in the 
second voltage divider is not more than one. 
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[0101] With this arrangement, it is possible to further improve the stability of the terminal voltages of the energy 
accumulating elements, thereby achieving stable repeating operation. 

[0102] The capacitive load drive circuit of the present invention that employs the voltage dividing means including 
the constant voltage element such as a zener diode is preferably arranged so that a current-limit resistor which is 

5 inserted between the constant voltage element such as a zener diode and the energy accumulating elements. 

[0103] With this arrangement, the current-limit resistor appropriately selects the capability of the voltage dividing 
means to correct voltages, so that the voltage dividing means does not react much during the cycle of generating a 
voltage pulse and simultaneously regenerating electrical power by charging and discharging the capacitive load, but 
can prevent the drift during repeat of the cycle of generating a voltage pulse and simultaneously regenerating electrical 

10 power. Further, the current-limit resistor can absorb a current suddenly flowing in and out of the capacitive load, and 
can limit a current flowing into the constant voltage elements such as zener diodes, thereby reducing the workload of 
the constant voltage elements such as zener diodes. 

[0104] Further, it is preferable that all of the energy accumulating elements respectively have one ends connected 
to the power source or the ground line. 

15 [0105] With this arrangement, the energy accumulating elements can be respectively separated so as not to interfere 
with one another. Thus, when a current from the capacitive load flows in and out of a particular energy accumulating 
element, the voltage change of the particular energy accumulating element does not affect the other energy accumu- 
lating elements. Therefore, it is possible to further improve the stability of the terminal voltages of the energy accumu- 
lating elements, thereby achieving stable repeating operation. 

20 [0106] Further, the capacitive load drive circuit of the present invention is preferably arranged so as to further include 
a switching section for controlling the supply of electrostatic energy from the power source to the energy accumulating 
elements, the switching section supplying electrostatic energy from the power source to the energy accumulating el- 
ements only during a predetermined period before the capacitive load is charged. 

[0107] With this arrangement, the power source supplies electrostatic energy to the energy accumulating elements 
25 only for a predetermine period. Thus, compared with a case where the power source always supplies electrostatic 
energy to the energy accumulating elements, it is possible to reduce electrical power consumed by the capacitive load 
drive circuit, and can particularly reduce electrical power consumed by the resistors in the arrangement that employs 
the voltage dividing means including the plurality of resistors connected in series with respect to the power source. 
[0108] Further, the capacitive load drive circuit of the present invention may be arranged so as to further include 
30 selecting means which switches over internal connecting states so as to selectively charge or discharge one or some 
of capacitive loads. 

[0109] With this arrangement, the selecting means selectively charge or discharge one or some of the capacitive 
loads, thereby driving a plurality of capacitive loads at different timings. 

[0110] Further, the capacitive load drive circuit that further employs the selecting means is preferably arranged so 
35 that (A) an energy supplying path for supplying to the capacitive load the electrostatic energy that is divided into the 
plurality of energy accumulating elements and (B) an energy collecting path for collecting the electrostatic energy from 
the plurality of energy accumulating elements are separately provided; and each of the energy supplying path and the 
energy collecting path includes the selecting means. 

[0111] With this arrangement, by separately providing the energy supplying path (charge path) and the energy col- 
40 lecting path, it is possible to simultaneously charge a part of the capacitive loads and discharge the other part of the 
capacitive loads. With this, it is possible to increase the number of operating the capacitive loads per unit time when 
driving many capacitive loads at different timings. Therefore, it. is possible to operate the capacitive loads at a high 
speed. 

[0112] Further, with this arrangement, by separately providing the energy supplying path and the energy collecting 
45 path, it is possible to separately optimize the charge characteristic and the discharge characteristic. 

[0113] Further, the capacitive load drive circuit in which the energy supplying path and the energy collecting path 
are separately provided is preferably arranged so as to further include rectifying means for rectifying currents of the 
energy supplying path and the energy collecting path. 

[01 1 4] With this arrangement, a short-circuit current does not flow in a case of delay in the ON/OFF operation of the 
50 switching means and the like, thereby preventing the breakage of the circuit. 

[0115] It is preferable that the capacitive load drive circuit is used to drive as the capacitive load a piezoid for pres- 
suring ink, the piezoid being provided in an ink-jet head that jets out ink in droplets. 

[01 16] With this arrangement, it is possible to collect and reuse energy highly efficiently when driving the piezoid of 
the ink-jet head which generally consumes large electrical power, have large consumption of a high dielectric constant 
55 (about expe =4300, for example) and a large capacitance (80pF x 320ch = 0.0256|uF, for example), and is generally 
driven at a high repeating frequency (10kpps to 150kpps). This especially achieves the effect of reducing electrical 
power consumption. 

[0117] In order to solve the foregoing problems, an ink-jet printer of the present invention which includes an ink-jet 
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head that uses a piezoid to pressurize ink so as to jet out the ink in droplets, and a drive circuit for driving the piezoid 
of the ink-jet head is characterized in that the drive circuit is one of the capacitive load drive circuits as arranged above. 
[01 1 8] With this arrangement, the plurality of energy accumulating elements sequentially supply electrostatic energy 
to the piezoid, and the plurality of energy accumulating elements sequentially collect electrostatic energy from the 
piezoid, thereby collecting and reusing energy highly efficiently. Therefore, it is possible to provide an ink-jet printer 
that consumes lower electrical power. 

[0119] An image forming apparatus that employs the capacitive load drive circuit using the cycle of generating a 
voltage pulse and simultaneously regenerating electrical power generates a voltage pulse and regenerates electrical 
power during the cycle of generating the pulse. With this, small electrical power is consumed when driving the piezoid 
or the electrostatic drive electrode (electrostatic actuator). Therefore, it is possible to provide an image forming appa- 
ratus that consumes lower electrical power. 

[0120] A method for driving a capacitive load of the present invention by charging and discharging the capacitive 
load is characterized by including an accumulating step of dividedly accumulating electrostatic energy in a plurality of 
energy accumulating elements; a charging step of sequentially supplying the electrostatic energy from the plurality of 
energy accumulating elements to the capacitive load so as to charge the capacitive load; and a collecting step of 
discharging the capacitive load so that the plurality of energy accumulating elements sequentially collect the electro- 
static energy from the capacitive load. 

[0121] With this method, the plurality of energy accumulating elements sequentially supply electrostatic energy to 
the piezoid when charging the capacitive load, and the plurality of energy accumulating elements sequentially collect 
electrostatic energy from the piezoid when discharging the capacitive load, thereby collecting and reusing energy highly 
efficiently. 

[0122] In order to solve the foregoing problems, a method for driving a capacitive load of the present invention by 
charging and discharging the capacitive load is characterized by including (i) a step of preparing a first energy accu- 
mulating element having an first initial potential which is not 0, a second energy accumulating element, and a reference 
potential terminal to which either (a) a ground potential, (b) a potential supplied from a reference power source which 
has the same polarity as the first initial potential and which has a smaller absolute value than the first initial potential, 
or (c) a potential supplied form the reference power source whose polarity is reverse to the polarity of the first initial 
potential is applied as a reference potential; (ii) an initial potential applying step of applying the first initial potential to 
the first energy accumulating element, and applying to the second energy accumulating element a second initial po- 
tential which has the same polarity as the first initial potential and which has a larger absolute value than the first initial 
potential; (iii) a first charging step of selectively connecting the capacitive load with the reference potential terminal 
and then selectively connecting the capacitive load with the first energy accumulating element so as to change, toward 
the first initial potential, a terminal voltage of the capacitive load; (iv) a second charging step of selectively connecting 
the capacitive load with the second energy accumulating element so as to increase an absolute value of the terminal 
voltage of the capacitive load; and (v) a discharging step of selectively connecting the capacitive load with the first 
energy accumulating element so as to decrease the absolute value of the terminal voltage of the capacitive load and 
so as to regenerate electrostatic energy to be accumulated in the first energy accumulating element, the thus regen- 
erated electrostatic energy being approximately equal to electrostatic energy as accumulated in the first energy accu- 
mulating element before the first charging step, the steps (iii) through (v) being carried out in this order. 
[0123] In order to solve the foregoing problems, a method for driving a capacitive load of the present invention by 
charging and discharging the capacitive load is characterized by including (i) a step of preparing a power supply terminal 
to which a power supply potential is applied from a power source, a first energy accumulating element, and a third 
energy accumulating element; (ii) an initial potential applying step of applying to the first energy accumulating element 
a first initial potential which has the same polarity as the power supply potential and which has a smaller absolute value 
than the power supply potential, and applying to the third accumulating element either a potential which has the same 
polarity as the first initial potential and which has a smaller absolute value than the first initial potential, a ground 
potential, or a third initial potential whose potential is reverse to the polarity of the first initial potential; (iii) a first charging 
step of selectively connecting the capacitive load with the third energy accumulating element and then selectively 
connecting the capacitive load with the first energy accumulating element so as to change, toward the first initial po- 
tential, a terminal voltage of the capacitive load; (iv) a second charging step of selectively connecting the capacitive 
load with the power supply terminal so as to increase an absolute value of the terminal voltage of the capacitive load; 
and (v) a discharging step of selectively connecting the capacitive load with the first energy accumulating element so 
as to decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate electrostatic 
energy to be accumulated in the first energy accumulating element, the thus regenerated electrostatic energy being 
approximately equal to electrostatic energy as accumulated in the first energy accumulating element before the first 
charging step, the steps (iii) through (v) being carried out in this order. 

[0124] For a fuller understanding of the nature and advantages of the invention, reference should be made to the 
ensuing detailed description taken in conjunction with the accompanying drawings. 
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BRIEF DESCRIPTION OF DRAWINGS 
[0125] 

Figure 1 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with an 
embodiment of the present invention. 

Figures 2(a) through 2(c) are timing charts showing the operation of the capacitive load drive circuit of Figure 1. 
Figure 2(a) is a waveform chart of a synchronizing signal, Figure 2(b) is a waveform chart of a control voltage of 
a transistor, and Figure 2(c) is a waveform chart of a voltage applied to a condenser. 

Figures 3(a) through 3(d), which show enlarged parts of the timing charts shown in Figures 2(a) through 2(c), 
illustrate how a switch operates. Figure 3(a) is a waveform chart of the synchronizing signal, Figure 3(b) is a timing 
chart showing how the switch operates, Figure 3(c) is a waveform chart of the control voltage of the transistor, and 
Figure 3(d) is a waveform chart of the voltage applied to the condenser. 

Figure 4 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with another 
embodiment of the present invention. 

Figures 5(a) through 5(c) are timing charts showing the operation of the capacitive load drive circuit of Figure 4. 
Figure 5(a) is a waveform chart of a synchronizing signal, Figure 5(b) is a waveform chart of a control voltage of 
a transistor, and Figure 5(c) is a waveform chart of a voltage applied to a condenser. 

Figures 6(a) through 6(d), which show enlarged parts of the timing charts shown in Figures 5(a) through 5(c), 
illustrate how a switch operates. Figure 6(a) is a waveform chart of the synchronizing signal, Figure 6(b) is a timing 
chart showing how the switch operates, Figure 6(c) is a waveform chart of the control voltage of the transistor, and 
Figure 6(d) is a waveform chart of the voltage applied to the condenser. 

Figure 7 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with a further 
embodiment of the present invention. 

Figure 8 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 

Figures 9(a) through 9(c) are timing charts showing the operation of the capacitive load drive circuit of Figure 8. 
Figure 9(a) is a waveform chart of a synchronizing signal, Figure 9(b) is a waveform chart of a control voltage of 
a transistor, and Figure 9(c) is a waveform chart of a voltage applied to a condenser. 

Figures 10(a) through 10(d), which show enlarged parts of the timing charts shown in Figures 9(a) through 9(c), 
illustrate how a switch operates. Figure 10(a) is a waveform chart of the synchronizing signal, Figure 10(b) is a 
timing chart showing how the switch operates, Figure 1 0(c) is a waveform chart of the control voltage of the tran- 
sistor, and Figure 1 0(d) is a waveform chart of the voltage applied to the condenser. 

Figure 1 1 is a circuit diagram showing an arrangement of an emitter follower used in a modification of the capacitive 
load drive circuit of Figure 8. 

Figure 12 is a circuit diagram showing an arrangement of an emitter follower used in another modification of the 
capacitive load drive circuit of Figure 8. 

Figure 13 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figures 14(a) through 14(c) are waveform charts showing waveforms of voltages applied to a condenser by the 
capacitive load drive circuit of Figure 1 3. Figure 1 4(a) is a waveform chart of a voltage in A phase, Figure 1 4(b) is 
a waveform chart of a voltage in B phase, and Figure 14(c) is a waveform chart of a voltage in C phase. 
Figure 15 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 

Figures 16(a) through 16(c) are waveform charts showing waveforms of voltages applied to a condenser by the 
capacitive load drive circuit of Figure 1 5. Figure 1 6(a) is a waveform chart of a voltage in A phase, Figure 1 6(b) is 
a waveform chart of a voltage in B phase, and Figure 16(c) is a waveform chart of a voltage in C phase. 
Figure 17 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figures 1 8(a) and 1 8(b) are circuit diagrams used for explaining the operation of a voltage divider provided in the 
capacitive load drive circuit of Figure 17. 

Figure 1 9 is a circuit diagram showing a modification of the capacitive load drive circuit of Figure 1 7. 

Figure 20 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 

another embodiment of the present invention. 

Figure 21 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figure 22 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 
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Figure 23 is a perspective view showing chief members of an ink-jet printer (image forming apparatus) in accord- 
ance with an embodiment of the present invention. 

Figure 24 is a cross-sectional view showing an arrangement of an ink-jet head provided in the ink-jet printer (image 
forming apparatus) of Figure 23. 

Figures 25(a) through 25(e) are a diagram and charts showing an example of a conventional capacitive load drive 
circuit. Figure 25(a) is a circuit diagram showing an arrangement of the capacitive load drive circuit, Figures 25(b) 
and 25(c) are waveform charts showing control voltages for controlling two transistors provided in the capacitive 
load drive circuit, Figure 25(d) is a waveform chart of a terminal voltage of a driven condenser, and Figure 25(e) 
is a waveform chart of a current flowing across a resistor of the capacitive load drive circuit. 
Figure 26 is a circuit diagram showing an example of a conventional capacitive load drive circuit. 
Figures 27(a) through 27(e) are circuit diagrams used for explaining the operation of the conventional capacitive 
load drive circuit of Figure 26. 

Figure 28 is a circuit diagram showing another example of a conventional capacitive load drive circuit. 

Figure 29 is a waveform chart used for explaining the operation of the conventional capacitive load drive circuit of 

Figure 28. Figure 29 shows a terminal voltage of a capacitive load and states of switches. 

Figure 30 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figures 31(a) through 31(e) are circuit diagrams used for explaining the operation of the capacitive load drive 
circuit of Figure 30. 

Figures 32(a) through 32(d) are circuit diagrams used for explaining the operation of the capacitive load drive 
circuit of Figure 30. 

Figure 33 is a waveform chart used for explaining the operation of the capacitive load drive circuit of Figure 30. 
Figure 34 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 

Figures 35(a) through 35(f) are circuit diagrams used for explaining the operation of the capacitive load drive circuit 
of Figure 34. 

Figure 36 is a waveform chart showing an example of a waveform of a pulse generated by the capacitive load 
drive circuit of Figure 34. 

Figure 37 is a waveform chart showing another example of a waveform of a pulse generated by the capacitive 
load drive circuit of Figure 34. 

Figure 38 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figure 39 is a waveform chart showing an example of a waveform of a pulse generated by the capacitive load 
drive circuit of Figure 38. 

Figure 40 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 

Figure 41 is a waveform chart showing an example of a waveform of a pulse generated by the capacitive load 
drive circuit of Figure 40. 

Figure 42 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figure 43 is a waveform chart showing an example of a waveform of a pulse generated by the capacitive load 
drive circuit of Figure 42. 

Figure 44 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 

Figure 45 is a waveform chart showing an example of a waveform of a pulse generated by the capacitive load 
drive circuit of Figure 44. 

Figure 46 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figure 47 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 

Figure 48 is a waveform chart showing an example of a waveform of a pulse generated by the capacitive load 
drive circuit of Figure 47. 

Figure 49 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figure 50 is a circuit diagram used for explaining the principle of the present invention. 

Figures 51 (a) and 51 (b) are diagrams used for explaining the principle of the present invention. Figure 51 (a) is a 
graph showing how voltages change, and Figure 51 (b) is a graph showing how a current changes. 
Figure 52 is another circuit diagram used for explaining the principle of the present invention. 
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Figure 53 is a further circuit diagram used for explaining the principle of the present invention. 

Figure 54 is a diagram schematically showing energy supply to a capacitive load from one condenser in the ca- 

pacitive load drive circuit in accordance with the present invention. 

Figure 55 is a graph showing how the voltage of the capacitive load changes in accordance with the energy supply 
from the condenser. 

Figure 56(a) is a graph showing how the voltage of the capacitive load changes in accordance with energy supply 
from one condenser, and Figure 56(b) is a graph showing how the voltage of the capacitive load changes in ac- 
cordance with energy supply from a plurality of condensers in the capacitive load drive circuit of the present in- 
vention. In both Figures 56(a) and 56(b), a switching time (Ts) is shorter than a time constant (R-Cd). 
Figure 57(a) is a graph showing how the voltage of the capacitive load changes in accordance with energy supply 
from one condenser, and Figure 57(b) is a graph showing how the voltage of the capacitive load changes in ac- 
cordance with energy supply from a plurality of condensers in the capacitive load drive circuit of the present in- 
vention. In both Figures 57(a) and 57(b), a switching time (Ts) is equal to a time constant. 
Figure 58(a) is a graph showing how the voltage of the capacitive load changes in accordance with energy supply 
from one condenser, and Figure 58(b) is a graph showing how the voltage of the capacitive load changes in ac- 
cordance with energy supply from a plurality of condensers in the capacitive load drive circuit of the present in- 
vention. In both Figures 58(a) and 58(b), a switching time (Ts) is longer than a time constant. 
Figure 59 is a diagram showing a display apparatus using the capacitive load drive circuit in accordance with an 
embodiment of the present invention. 

Figure 60 is a diagram showing a DC-AC converter using the capacitive load drive circuit in accordance with an 
embodiment of the present invention. 

Figure 61 is a plan view showing a part of a record head which is seen from a recording medium. 
Figure 62 is a longitudinal cross-sectional view showing the record head. 

Figures 63(a) through 63(c) are cross-sectional views used for explaining the operation of the record head of Figure 
62. 

Figure 64 are pulse waveform charts used for explaining the operation of the record head of Figure 62. 

Figure 65 is a cross-sectional view showing an ink-jet printer (image forming apparatus) which uses the capacitive 

load drive circuit in accordance with another embodiment of the present invention. 

Figure 66 is a perspective view showing an ink-jet printer (image forming apparatus) which uses the capacitive 
load drive circuit in accordance with another embodiment of the present invention. 

Figure 67 is a block diagram showing a control system of the ink-jet printer (image forming apparatus) of Figure 65. 
Figure 68 is a diagram showing how voltages of the energy accumulating elements change in the capacitive load 
drive circuit in accordance with an embodiment of the present invention, when repeatedly charging and discharging 
the capacitive load. 

Figure 69 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 

Figures 70(a) through 70(c) are timing charts showing an operation example of the capacitive load drive circuit of 
Figure 69. Figure 70(a) is a waveform chart of a synchronizing signal, Figure 70(b) is a waveform chart of a control 
voltage of a switch, and Figure 70(c) is a waveform chart of a voltage applied to a condenser. 
Figure 71 (a) through 71 (d) are timing charts showing another operation example of the capacitive load drive circuit 
of Figure 69. Figure 71 (a) is a waveform chart of the synchronizing signal, Figure 71 (b) is a timing chart showing 
how the switch operates, Figure 71 (c) is a waveform chart of the control voltage of the switch (switching means), 
and Figure 71 (d) is a waveform chart of the voltage applied to the condenser. 

Figure 72 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figures 73(a) through 73(c) are timing charts showing an operation example of the capacitive load drive circuit of 
Figure 72. Figure 73(a) is a waveform chart of a synchronizing signal, Figure 73(b) is a waveform chart of a control 
voltage of a switch, and Figure 73(c) is a waveform chart of a voltage applied to a condenser. 
Figure 74(a) through 74(d) are timing charts showing another operation example of the capacitive load drive circuit 
of Figure 72. Figure 74(a) is a waveform chart of the synchronizing signal, Figure 74(b) is a timing chart showing 
how the switch (switching means) operates, Figure 74(c) is a waveform chart of the control voltage of the switch, 
and Figure 74(d) is a waveform chart of the voltage applied to the condenser. 

Figure 75 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 

Figures 76(a) and 76(b) are circuit diagrams showing an arrangement of a capacitive load drive circuit in accord- 
ance with still another embodiment of the present invention. 

Figure 77 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 
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Figure 78 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with still 
another embodiment of the present invention. 

Figure 79 is a circuit diagram showing an arrangement of a capacitive load drive circuit in accordance with yet 
another embodiment of the present invention. 

Figures 80(a) and 80(b) are circuit diagrams used for explaining the operation of a voltage divider provided in the 
capacitive load drive circuit of Figure 79. 

Figure 81 is a flow chart showing a method for driving a capacitive load in accordance with an embodiment of the 
present invention. 

Figure 82 is a graph showing a maximum load capacitance ratio that causes a voltage of the capacitive load to be 
not less than 90% of an attainment voltage during first through third steps, with respect to a ratio of a time constant 
to a switching time, in the capacitive load drive circuit of Figure 30. 

Figure 83 is a g raph showing how an energy consumption ratio changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio varies from 0.003 to 0.3 in a capacitive load drive circuit 
having two stages, which is different from the capacitive load drive circuit of Figure 30 having four stages only in 
the number of stages. 

Figure 84 is a graph showing how an energy consumption ratio changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio varies from 0.003 to 0.3 in a capacitive load drive circuit 
having three stages, which is different from the capacitive load drive circuit of Figure 30 having four stages only 
in the number of stages. 

Figure 85 is a graph showing how an energy consumption ratio changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio varies from 0.003 to 0.3 in the capacitive load drive circuit 
of Figure 30 having four stages. 

Figure 86 is a graph showing how an energy consumption ratio changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio varies from 0.003 to 0.3 in a capacitive load drive circuit 
having five stages, which is different from the capacitive load drive circuit of Figure 30 having four stages only in 
the number of stages. 

Figure 87 is a graph showing how an energy consumption ratio changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio varies from 0.003 to 0.3 in a capacitive load drive circuit 
having six stages, which is different from the capacitive load drive circuit of Figure 30 having four stages only in 
the number of stages. 

Figure 88 is a graph showing how a slew rate (1 0% to 90%) changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio X varies from 0.001 to 0.1 in a capacitive load drive circuit 
having two stages, which is different from the capacitive load drive circuit of Figure 30 having four stages only in 
the number of stages. 

Figure 89 is a graph showing how a slew rate (1 0% to 90%) changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio X varies from 0.001 to 0.1 in a capacitive load drive circuit 
having three stages, which is different from the capacitive load drive circuit of Figure 30 having four stages only 
in the number of stages. 

Figure 90 is a graph showing how a slew rate (1 0% to 90%) changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio varies from 0.001 to 0.3 in the capacitive load drive circuit 
of Figure 30 having four stages. 

Figure 91 is a graph showing how a slew rate (1 0% to 90%) changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio X varies from 0.003 to 0.3 in a capacitive load drive circuit 
having five stages, which is different from the capacitive load drive circuit of Figure 30 having four stages only in 
the number of stages. 

Figure 92 is a graph showing how a slew rate (1 0% to 90%) changes with respect to the ratio of the time constant 
to the switching time when the load capacitance ratio X varies from 0.003 to 0.3 in a capacitive load drive circuit 
having six stages, which is different from the capacitive load drive circuit of Figure 30 having four stages only in 
the number of stages. 

BEST MODE FOR CARRYING OUT THE INVENTION 

[EMBODIMENT 1] 

[0126] The following will explain one embodiment of the present invention with reference to Figures 1 , 2(a) to 2(c), 
and 3(a) to 3(d). 

[0127] As shown in Figure 1 , a capacitive load drive circuit 1 of the present embodiment is provided with an accu- 
mulating device 3 including nine condensers (energy accumulating elements) 2, a voltage divider (voltage dividing 



19 



EP 1 470 921 A1 



means) 5 including ten resistors 4, a transistor (switching section) 6, a switch (switching means) 7, a resistor 8, and a 
power supply terminal 9. The capacitive load drive circuit 1 of the present embodiment applies a voltage V to a con- 
denser 11 which is a capacitive load, so as to charge and discharge the condenser 11 . 

[0128] Via the power supply terminal 9, the capacitive load drive circuit 1 is supplied with a power supply voltage VH 
from a main power source (not shown) provided outside the capacitive load drive circuit 1 . The power supply voltage 
VH supplied through the power supply terminal 9 is applied to the voltage divider 5 via the transistor 6. 
[0129] The transistor 6 is a switch for connecting/disconnecting the power supply terminal 9 and the voltage divider 
5 in response to a control voltage Q. In the present embodiment, the transistor 6 is a PNP type transistor having a 
emitter connected to the power supply terminal 9, a collector connected to the voltage divider 5, and a base to which 
the control voltage Q is applied. The transistor 6 is always switched ON when the capacitive load drive circuit 1 is 
driven. Thus, the capacitive load drive circuit 1 may be arranged without using the transistor 6 so that the power supply 
terminal 9 is directly connected to the voltage divider 5. 

[0130] Using the ten resistors 4, the voltage divider 5 divides the power supply voltage VH which is supplied from 
the external main power source. The voltage divider 5 is so arranged that the ten resistors 4 are directly connected 
between the power supply terminal 9 and the ground (reference point of potential for the power supply voltage; typically 
the point at which the potential is 0). These resistors 4 divide the power supply voltage VH, which is supplied from the 
external main power source, into voltages V1 through V9 which are different from one another. Namely, when the 
transistor 6 is switched ON to supply a positive power supply voltage VH to the voltage divider 5 (hereinafter referred 
to as "when electrical power is supplied"), nine connection points a, b, c, d, e, f, g, h, and i between the resistors 4 
respectively have voltages V1 , V2, V3, V4, V5, V6, V7, V8, and V9 (where 0 < V1 < V2 < V3 < V4 < V5 < V6 < V7 < 
V8 < V9 < VH). More specifically, the voltages V1 through V9 are expressed as VH-R2 / (R1 + R2), where R1 is a sum 
of resistance values of the resistors 4 provided between the power supply terminal 9 and the connection point having 
the voltage in question, and R2 is a sum of resistance values of the resistors 4 provided between the ground and the 
connection point having the voltage in question. In the present embodiment, each resistor 4 is a resistive element 
having the same resistance value. Accordingly, the voltages V1 through V9 in the present embodiment are expressed 
as follows: V1 = VH/10, V2 = 2VH/10, V3 = 3VH/10, V4 = 4VH/10, V5 = 5VH/10, V6 = 6VH/10, V7 = 7VH/10, V8 = 
8VH/10, and V9 = 9VH/10. 

[0131] The accumulating device 3 is composed of nine condensers 2a through 2i connected in parallel between the 
ground and the voltage divider 5. Further, the condensers 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, and 2i are respectively connected 
to the connection points a, b, c, d, e, f, g, h, and i. Accordingly, the voltages V1 , V2, V3, V4, V5, V6, V7, V8, and V9, 
which are prepared by dividing the power supply voltage VH using the voltage divider 5, are respectively applied to 
the condensers 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, and 2i as terminal voltages (voltages of terminals connected to the switch 
7), when electrical power is supplied. 

[0132] In this way, the terminal voltages of the condensers 2a through 2i of the accumulating device 3 are adjusted 
to the predetermined voltages V1 through V9, respectively, by the voltage divider 5. As a result, the different terminal 
voltages V1 through V9 are respectively distributed to the condensers 2a through 2i. With this, the condensers 2a, 2b, 
2c, 2d, 2e, 2f, 2g, 2h, and 2i accumulate electric charge (electrostatic energy) corresponding to the voltages V1, V2, 
V3, V4, V5, V6, V7, V8, and V9, respectively, when electrical power is supplied. 

[0133] In the present embodiment, the condensers 2a through 2i have the same capacitance (electrostatic capaci- 
tance) C which is sufficiently larger than a capacitance CL of the condenser 1 1 . Accordingly, the electric charge accu- 
mulated in the condensers 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, and 2i are C-V1 , C-V2, C-V3, C-V4, C-V5, C-V6, C-V7, C-V8, 
and C-V9, respectively. 

[0134] Note that, the capacitance C of the condensers 2a through 2i is preferably larger than the capacitance CL of 
the condenser 11 by 100 times or more, so as to improve collection efficiency of electrostatic energy. 
[0135] The accumulating device 3 and the voltage divider 5 are connected to the condenser 11 via the switch 7 and 
the resistor 8. The switch 7 has eleven contact points TO through T10, and selectively connects one of the contact 
points TO through T1 0 with an output terminal (terminal connected to the resistor 8). Among the eleven contact points 
TO through T10, the contact point TO is grounded; the contact points T1, T2, T3, T4, T5, T6, T7, T8, and T9 are 
respectively connected to the condensers 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, and 2i; and T10 is connected to the power 
supply terminal 9. Accordingly, the voltages V1, V2, V3, V4, V5, V6, V7, V8, and V9 are respectively applied to the 
contact points TO, T1, T2, T3, T4, T5, T6, T7, T8, T9, and T10, when the condenser 11 is driven. 
[0136] The switch 7 is switched to the contact point TO in an initial state (state before driving operation starts). During 
the driving operation, the switch 7 repeats an operation of sequentially switching the contact points from the contact 
point TO through the contact point T1 0 and then from the contact point T1 0 through the contact point TO. Further, the 
switch 7 receives a synchronizing signal SYNC for pulse-driving the condenser 11 from a synchronizing signal source 
(not shown), and carries out the operation of switching the contact points from TO through T1 0 in synchronism with the 
synchronizing signal SYNC. Note that, the synchronizing signal SYNC and timing for switching the contact points TO 
through T10 will be detailed later. 
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[0137] The resistor 8 limits a current flowing into the condenser (capacitive load) 11 . When the switch 7 is a semi- 
conductor switch, the resistor 8 is inserted equivalently as an ON resistance of the semiconductor switch. 
[0138] Next, the operation of the capacitive load drive circuit 1 will be explained with reference to Figures 2 and 3. 
Note that, it is assumed here in the following explanation that VH is a positive voltage. 

[0139] Figures 2(a) through 2(c) are timing charts showing the operation of the capacitive load drive circuit 1 . Figure 
2(a) is a waveform chart showing a waveform of the synchronizing signal SYNC which is supplied to the switch 7. 
Figure 2(b) is a waveform chart showing a waveform of the control voltage Q of the transistor 6, which controls the 
operation of the transistor 6. Figure 2(c) is a waveform chart showing a waveform of the voltage V which is applied to 
the condenser 11 . 

[0140] Figures 3(a) through 3(d), which show enlarged parts of the timing charts shown in Figures. .2(a) through 2 
(c), illustrate how the switch 7 operates. Figure 3(a) is an enlarged waveform chart showing a part of the waveform of 
the synchronizing signal SYNC shown in Figure 2(a). Figure 3(b) is a timing chart showing how the switch 7 of Figure 
1 operates, namely, which one of the contact points TO through T10 is connected to the switch 7. Figure 3(c) is an 
enlarged waveform chart showing a part of the waveform of the control voltage Q shown in Figure 2(b). Figure 3(d) is 
an enlarged waveform chart showing a part of the waveform of the voltage V shown in Figure 2(c). 
[0141] First, in preparatory operation before starting the driving operation of the condenser 11, the control voltage 
Q becomes a high level as shown in Figure 2(b), so as to switch ON the transistor 6. With this, the different predeter- 
mined voltages V1 through V9, which are the external power supply voltage VH divided by the voltage divider 5, are 
applied to the condensers 2a through 2i of the accumulating device 3 as terminal voltages, so as to charge the con- 
densers 2a through 2i. In the present embodiment, the transistor 6 is kept switched ON until the condenser 11 finishes 
the driving operation. Here, the switch 7 is switched to the contact point TO so as to ground the condenser 11 . 
[0142] After the preparation in which the terminal voltages of the condensers 2a through 2i are adjusted to the pre- 
determined voltages V1 through V9, the synchronizing signal SYNC is activated as shown in Figure 2(a), so as to start 
the driving operation. Here, a period to between a time point when the transistor 6 is switched ON (preparatory operation 
starting point) and a time point when the synchronizing signal SYNC is activated (driving operation starting point) is 
preferably set to be not less than 2.5 times a time constant of charging, so as to fully charge the condensers 2a through 
2i. 

[0143] Then, by sequentially switching the switch 7 from the contact point TO through the contact point T10 in syn- 
chronism with the synchronizing signal SYNC, the plurality of different voltages V1 to V9 and VH are applied to the 
condenser 1 1 as the voltage V. With this, a pulse voltage stepping up and down in an approximately trapezoidal shape 
is applied to the condenser 11 as the voltage V, as shown in Figures 2(c) and 3(c). 

[0144] Next, the driving operation of the condenser 11 will be explained in detail. Here, the synchronizing signal 
SYNC is a pulse signal having a regular cycle T and a pulse width t, as shown in Figure 3(a). For example, the cycle 
T is set to 8 jus, and the pulse width t is set to 0.32 jum. 

[0145] When driving the condenser 11, the switch 7 is switched from the contact point TO to the contact point T1 in 
synchronism with rising of the synchronizing signal SYNC. When the switch 7 is switched to the contact point T1 , the 
condenser 2a of the accumulating device 3 is connected to the condenser 11. Here, the terminal voltage of the con- 
denser 2a is V1, whereas the terminal voltage of the condenser 11 is the ground potential. As a result, electrostatic 
energy (electric charge) is supplied from the condenser 2a to the condenser 11 , so as to charge the condenser 11 . 
[0146] Here, the electric charge accumulated in the condenser 2a is C-V1. If it is assumed that the condenser 11 
receives electric charge only from the condenser 2a, the voltage V applied to the condenser 1 1 is expressed as follows: 

V = C-V1 /(C + CL), 

where CL is a capacitance of the condenser 11 . Further, it can be assumed that the voltage V is approximately equal 
to the predetermined voltage V1 generated by the voltage divider 5, because the capacitance C of the condenser 2a 
is sufficiently larger than the capacitance CL of the condenser 1 1 . Accordingly, the condenser 2a applies the voltage 
V1 to the condenser 1 1 by switching the switch 7 from the contact point TO to the contact point T1 . 
[0147] After this, the switch 7 is switched from the contact point T1 to the contact point T2, from the contact point T2 
to the contact point T3, from the contact point T3 to the contact point T4, from the contact point T4 to the contact point 
T5, from the contact point T5 to the contact point T6, from the contact point T6 to the contact point T7, from the contact 
point T7 to the contact point T8, and from the contact point T8 to the contact point T9. By switching the switch 7 in this 
manner, the condenser 11 is sequentially connected to the condensers 2b through 2i in the ascending order of their 
terminal voltages. In accordance with this, the condensers 2b through 2i sequentially supply electrostatic energy to 
the condenser 1 1 , so as to apply the voltages V2 through V9 to the condenser 1 1 in the ascending order of the voltages, 
respectively in the same manner that the switch 7 is switched from the contact point TO to the contact point T1 . As a 
result, the voltage V of the condenser 11 rises to the voltage V9. 
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[0148] Next, when the switch 7 is switched from the contact point T9 to the contact point T10, the condenser 11 is 
connected to the power supply terminal 9, so that the voltage V applied to the condenser 11 becomes equal to the 
power supply voltage VH supplied from the outside. 

[0149] In this way, the voltage V of the condenser 1 1 rises from 0 to the power supply voltage VH in an approximately 
stepped-up manner, as shown in Figure 3(d). 

[0150] Next, the switch 7 is kept switched to the contact point T10 so as to hold the voltage V of the condenser 11 
at the power supply voltage VH, then the switch 7 is switched from the contact point T1 0 to the contact point T9. This 
connects the condenser 2i of the accumulating device 3 to the condenser 11 . 

[0151] Here, the electric charge accumulated in the condenser 2i is C-V9. If it is assumed that the condenser 2i 
receives electric charge only from the condenser 1 1 , the voltage V applied to the condenser 1 1 is expressed as follows. 

V = (CL-VH + C-V9) / (C + CL) 

Further, the voltage V approximately equals to the voltage V9 because the capacitance C of the condenser 2i is suffi- 
ciently larger than the capacitance CL of the condenser 1 1 . Accordingly, the condenser 1 1 is connected to the condenser 
2i by switching the switch 7 from the contact point T1 0 to the contact point T9. As a result, the voltage V of the condenser 
11 drops to the predetermined voltage V9 which is adjusted by the voltage divider 5, as shown in Figure 3(d). 
[0152] Here, the condenser 2i supplies energy to the condenser 11 during the step of connecting the condenser 11 
to the condenser 2i after the condenser 1 1 is connected to the condenser 2h. Thus, if the accumulating device 3 does 
not receive energy from any circuit other than the condenser 1 1 between rising and falling edges of the voltage pulse, 
strictly speaking, the terminal voltage of the condenser 2i is not V9 but slightly smaller than V9 just before the condenser 
11 is connected to the condenser 2i after the condenser 11 is connected to the power supply terminal 9. 
[0153] However, when the condenser 2i having the terminal voltage slightly smaller than V9 is connected to the 
condenser 11 which is charged to have the power supply voltage VH, the condenser 2i collects electrostatic energy 
(electric charge) from the condenser 11 and causes the condenser 11 to discharge, because the terminal voltage of 
the condenser 1 1 , which is now the power supply voltage VH, is larger than the terminal voltage of the condenser 2i. 
Here, the voltage of the condenser 2i is restored (regenerated) to a value approximately equal to V9 (value assumable 
to V9) by collecting energy from the condenser 11. 

[0154] After this, the switch 7 is switched from the contact point T9 to the contact point T8, from the contact point T8 
to the contact point T7, from the contact point T7 to the contact point T6, from the contact point T6 to the contact point 
T5, from the contact point T5 to the contact point T4, from the contact point T4 to the contact point T3, from the contact 
point T3 to the contact point T2, and from the contact point T2 to the contact point T1 . By switching the switch 7 in this 
manner, the condenser 11 is connected to the condensers 2a through 2h in the descending order of their terminal 
voltages. In accordance with this, the condensers 2a through 2h sequentially collect energy from the condenser 11, 
and the voltages V1 through V8 are applied to the condenser 11 in the descending order of the voltages, respectively 
in the same manner that the switch 7 is switched from the contact point T1 0 to the contact point T9. 
[0155] Finally, when the switch 7 is switched from the contact point T1 to the contact point TO, the condenser 11 is 
grounded so that the voltage V applied to the condenser 1 1 becomes 0, which is equal to the ground. The voltage V 
is set to 0 here so as to reduce the electric charge accumulated in the condenser 1 1 to 0 for stable repeating operation. 
[0156] In the manner described above, the voltage V of the condenser 11 drops from the power supply voltage VH 
to 0 in an approximately stepped-down manner, as shown in Figure 3(d). 

[0157] Note that, at the last step-down of the switch 7 (switching from the contact point T1 to the contact point TO), 
the electric charge accumulated in the condenser 11 is not sent back to the condensers 2a through 2i and are all 
discarded to the ground. This means that part of electrostatic energy accumulated in the condenser 11 is discarded. 
In the present embodiment, the voltage V which is applied to the condenser 11 is a maximum of VH, and the voltage 
V of the condenser 1 1 at the last step-down of the switch 7 is V1 , which equals to VH/1 0. Hence, the electric charge 
accumulated in the condenser 11 is CL-VH, and the electric charge which is discharged from the condenser 11 at the 
last step-down of the switch 7 is CL-VH/10. Accordingly, if the accumulating device 3 does not receive energy from 
any circuit other than the condenser 1 1 between rising and falling edges of the voltage pulse, and the condensers 2a 
through 2i collect all electric charge that is discharged from the condenser 11 except the electric charge at the last 
step-down of the switch 7, electric charge that the condensers 2a through 2i collect from the condenser 11 is 9CL-VH/ 
10. Namely, the collection efficiency of electrostatic energy is 9/10 = 90%. 

[0158] In this way, the applied voltage V of the condenser 11 is stepped up by sequentially switching the switch 7 
from the contact point TO through the contact point T1 0, and then stepped down by sequentially switching the switch 
7 from the contact point T1 0 through the contact point TO. With this, the condensers 2a through 2i of the accumulating 
device 3 can supply electrostatic energy to the condenser 11, and can collect most of the electrostatic energy thus 
accumulated in the condenser 11. 
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[01 59] As described above, the capacitive load drive circuit 1 of the present embodiment is so arranged that a voltage 
of the main power source is divided into n and then accumulated in the accumulating device 3; and the accumulating 
device 3 supplies electrostatic energy to the condenser 11 and collects electrostatic energy that is discharged from 
the condenser 11 by switching the connection between the accumulating device 3 and the condenser 11 . This realizes 

5 highly efficient collection and reusing of energy. 

[0160] Note that, in the capacitive load drive circuit 1 of the present embodiment, the transistor 6 is always switched 
ON when the capacitive load drive circuit 1 is driven. However, the transistor 6 may be arranged, as in Embodiment 4 
to be described later, that the transistor 6 is switched ON only during a predetermined period between driving periods, 
so as to supply a power supply voltage to the voltage divider 5; and the transistor 6 is switched OFF when the voltage 

10 divider 5 need not receive electrical power, so as to disconnect the voltage divider 5 and the main power source. This 
can eliminate waste of electrical power consumption due to a current constantly flowing through the voltage divider 5. 
[0161] Further, the capacitive load drive circuit 1 of the present embodiment is so arranged that the power supply 
terminal 9 is directly connected to the contact point T1 0 of the switch 7, but the capacitive load drive circuit 1 may be 
so arranged that the power supply terminal 9 is connected to the contact point T1 0 of the switch 7 via the transistor 6. 

15 

[EMBODIMENT 1A] 

[0162] The following will explain another embodiment of the present invention with reference to Figures 69, 70(a) to 
70(c), and 71 (a) to 71 (d). Note that, for convenience, members having the same functions as those used in Embodiment 
20 1 will be given the same reference symbols, and explanation thereof will be omitted here. 

[0163] A capacitive load drive circuit of the present embodiment has the same arrangement as the capacitive load 
drive circuit 1 of Embodiment 1 except the following differences. 

[0164] As a first difference, switches SW1 through SW9 are respectively provided between (i) nine connection points 
(voltage dividing points) a through i of the voltage divider 5 and (ii) lines that respectively connect to the contact points 

25 T1 through T9 in a capacitive load drive circuit 1 A of the present embodiment, as shown in Figure 69; whereas the 
nine connection points (voltage dividing points) a through i of the voltage divider 5 are directly connected to the lines 
that respectively connect to the contact points T1 through T9 in the capacitive load drive circuit 1 of Embodiment 1. 
The switches SW1 through SW9 are switching sections for controlling the voltage supply from the voltage divider 5 to 
the condensers 2a through 2i of the accumulating device 3. The switches SW1 through SW9 are switched ON only 

30 during a predetermined period before the condenser 11 is charged. 

[0165] As a second difference, the capacitive load drive circuit 1 of Embodiment 1 is provided with the transistor 6, 
and operates in accordance with the timing charts shown in Figures 2(a) to 2(c), and 3 (a) to 3(d), but the capacitive 
load drive circuit 1 A is provided with a switch 1 6A, instead of the transistor 6, whose operation is controlled by a control 
voltage Q shown in timing charts 70(a) to 70(c), or 71 (a) to 71 (d). 

35 [0166] Namely, unlike the transistor 6 of Embodiment 1, the switch 16A is switched ON for a predetermined period 
to before the condenser 11 starts charging (here, the condenser 11 is connected to the contact point TO of the switch 
7 and thus grounded), as shown in Figures 70(a) through 70(c). Note that, the operation of the switches SW1 through 
SW9 is controlled by a control voltage similar to the control voltage Q of the switch 1 6A. 

[0167] In Embodiment 1 , the accumulating device 3 is always connected to the voltage divider 5, and a power supply 
40 voltage is always supplied to the voltage divider 5 when the capacitive load drive circuit is driven. Accordingly, energy 

is supplied from another circuit to the accumulating device 3 between the rising and falling edges of the voltage pulse. 

This energy supply may decrease efficiency of the accumulating device 3 in collecting energy from the condenser 1 1 . 

[0168] In contrast, energy is not supplied from another circuit to the accumulating device 3 between rising and falling 

edges of the voltage pulse in the present embodiment, as a result of the foregoing first and second differences. This 
45 can prevent lowering of efficiency of the accumulating device 3 in collecting energy from the condenser 1 1 , the lowering 

caused by the energy supply from the other circuit. 

[0169] Next, the driving operation of the condenser 11 in the capacitive load drive circuit 1 A will be explained with 
reference to Figures 70(a) to 70(c) and Figures 71 (a) to 71 (d). Here, the synchronizing signal SYNC is a pulse signal 
having a regular cycle T and a pulse width t, as shown in Figure 70(a). For example, the cycle T is set to 8 jus, and the 

50 pulse width t is set to 0.32 jus. Note that, it is assumed here in the following explanation that VH is a positive voltage. 
[0170] Figures 70(a) through 70(c) are timing charts showing an operation example of the capacitive load drive circuit 
1 A. Figure 70(a) is a waveform chart showing a waveform of the synchronizing signal SYNC which is supplied to the 
switch 7. Figure 70(b) is a waveform chart showing a waveform of the control voltage Q which controls the operation 
of the switch 16A. Figure 70(c) is a waveform chart showing a waveform of the voltage V which is applied to the 

55 condenser 11. 

[0171] Figures 71 (a) through 71(d) show another operation example of the capacitive load drive circuit 1A. Figure 
71 (a) is an enlarged waveform chart showing a part of the waveform of the synchronizing signal SYNC shown in Figure 
70(a). Figure 71 (b) is a timing chart showing how the switch 7 of Figure 1 operates, namely, which one of the contact 
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points TO through T10 is connected. Figure 71 (c) is an enlarged waveform chart showing a part of the waveform of 
the control voltage Q which controls the operation of the switch 16A. Figure 71(d) is an enlarged waveform chart 
showing a part of the waveform of the voltage V shown in Figure 70(c). In both the operation example of Figures 70 
(a) through 70(c) and the operation example of Figures 71 (a) through 71 (d), the control voltage Q is turned ON when 

5 a pulse is not applied to the condenser 1 1 , but cycles for turning ON the control voltage Q are different from each other. 
Specifically, the control voltage Q is turned ON every few pulses in the operation example of Figures 70(a) through 70 
(c), whereas the control voltage Q is turned ON every pulse in the operation example of Figures 71 (a) through 71 (d). 
When an amount of voltage drift is small, the switch 1 6A may be turned ON (connection state) per few pulses to perform 
normalization (correction of the terminal voltages of the condensers 2a through 2i), as shown in Figures 70(a) through 

10 70(c). When an amount of voltage drift is large, the switch 16A may be turned ON (connection state) per each pulse 
to perform normalization, as shown in Figures 71 (a) through 71 (d), in order to secure stable operation. 
[0172] When the condenser 11 is driven, first, the switch 7 is switched from the contact point TO to the contact point 
T1 , from the contact point T1 to the contact point T2, from the contact point T2 to the contact point T3, from the contact 
point T3 to the contact point T4, from the contact point T4 to the contact point T5, from the contact point T5 to the 

15 contact point T6, from the contact point T6 to the contact point T7, from the contact point T7 to the contact point T8, 
and from the contact point T8 to the contact point T9, as in Embodiment 1. By switching the switch 7 in this manner, 
the condensers 2a through 2i sequentially supply electrostatic energy to the condenser 1 1 . Next, when the switch 7 is 
switched from the contact point T9 to the contact point T1 0, the voltage V applied to the condenser 1 1 becomes equal 
to the power supply voltage VH. In this way, the voltage V of the condenser 1 1 rises from 0 to the power supply voltage 

20 VH in an approximately stepped-up manner, as shown in Figure 71 (d). 

[0173] Next, the switch 7 is switched from the contact point T1 0 to the contact point T9. This connects the condenser 
2i of the accumulating device 3 to the condenser 11 . 

[0174] Here, the electric charge accumulated in the condenser 2i is C-V9, and the condenser 2i substantially receives 
electric charge only from the condenser 11. The voltage V applied to the condenser 11 is accordingly expressed as 
25 follows. 

V = (CL-VH + C-V9) / (C + CL) 

30 Further, the voltage V approximately equals to the voltage V9 because the capacitance C of the condenser 2i is suffi- 
ciently larger than the capacitance CL of the condenser 11 . 

[0175] Here, the condenser 2i supplies energy to the condenser 11 during the step of connecting the condenser 11 
to the condenser 2i after the condenser 1 1 is connected to the condenser 2h, and the accumulating device 3 does not 
receive energy from any circuit other than the condenser 11 between rising and falling edges of the voltage pulse. 

35 Thus, strictly speaking, the terminal voltage of the condenser 2i is not V9 but slightly smaller than V9 just before the 
condenser 11 is connected to the condenser 2i after connected to the power supply terminal 9. 
[0176] The terminal voltage of the condenser 2i before the condenser 2i is connected to the condenser 11 is approx- 
imately V9. Strictly speaking, however, the condenser 2i supplies energy to the condenser 1 1 during the step of con- 
necting the condenser 11 to the condenser 2i after the condenser 11 is connected to the condenser 2h. As a result, 

40 the voltage of the condenser 2i is slightly smaller than V9. 

[0177] However, when the condenser 2i having the terminal voltage slightly smaller than V9 is connected to the 
condenser 11 which is charged to have the power supply voltage VH, the condenser 2i collects electrostatic energy 
(electric charge) from the condenser 11 and causes the condenser 11 to discharge, because the terminal voltage of 
the condenser 1 1 , which is now the power supply voltage VH, is larger than the terminal voltage of the condenser 2i. 

45 Here, the voltage of the condenser 2i is restored (regenerated) to a value approximately equal to V9 (value assumable 
to V9) by collecting energy from the condenser 11. 

[0178] After this, the switch 7 is switched from the contact point T9 to the contact point T8, from the contact point T8 
to the contact point T7, from the contact point T7 to the contact point T6, from the contact point T6 to the contact point 
T5, from the contact point T5 to the contact point T4, from the contact point T4 to the contact point T3, from the contact 
50 point T3 to the contact point T2, and from the contact point T2 to the contact point T1. In accordance with this, the 
condensers 2a through 2h sequentially collect energy from the condenser 11. Finally, when the switch 7 is switched 
from the contact point T1 to the contact point TO, the condenser 11 is grounded so that the voltage V applied to the 
condenser 11 becomes 0, which is equal to the ground. 

[0179] In the manner described above, the voltage V of the condenser 11 drops from the power supply voltage VH 
55 to 0 in an approximately stepped-down manner, as shown in Figure 71 (d). 

[0180] Note that, at the last step-down of the switch 7 (switching from the contact point T1 to the contact point TO), 
the electric charge accumulated in the condenser 11 is not sent back to the condensers 2a through 2i and are all 
discarded to the ground. This means that part of electrostatic energy accumulated in the condenser 11 is discarded. 



24 



EP 1 470 921 A1 



In the present embodiment, the voltage V which is applied to the condenser 11 is a maximum of VH, and the voltage 
V of the condenser 1 1 at the last step-down of the switch 7 is V1 , which equals to VH/1 0. In the present embodiment, 
the condensers 2a through 2i collect most of the electric charge which is discharged from the condenser 1 1 except the 
electric charge at the last step-down of the switch 7, because the accumulating device 3 does not receive energy from 

5 any circuit other than the condenser 11 between the rising and falling edges of the voltage pulse. Hence, the electric 
charge accumulated in the condenser 11 is CL-VH, and the electric charge discharged from the condenser 11 at the 
last step-down of the switch 7 is CL-VH/10. Namely, the collection efficiency of electrostatic energy is 9 / 10 = 90%. 
[0181] In this way, the applied voltage V of the condenser 11 is stepped up by sequentially switching the switch 7 
from the contact point TO through the contact point T10, and then stepped down by sequentially switching the switch 

10 7 from the contact point T1 0 through the contact point TO. With this, the condensers 2a through 2i of the accumulating 
device 3 can supply electrostatic energy to the condenser 11, and can collect most of the electrostatic energy thus 
accumulated in the condenser 11. 

[0182] As described above, the capacitive load drive circuit 1A of the present embodiment is so arranged that a 
voltage of the main power source is divided into n and then accumulated in the accumulating device 3; and the accu- 
15 mulating device 3 supplies electrostatic energy to the condenser 1 1 and collects electrostatic energy that is discharged 
from the condenser 11 by switching the connection between the accumulating device 3 and the condenser 11. This 
realizes highly efficient collecting and reusing of energy. 

[0183] Further, the condensers 2a through 2i are switched in order of size of their terminal voltages. Because of this, 
an inrush current supplied to the condensers 2a through 2i and to the condenser 11 is kept low, thereby reducing 

20 energy loss. In addition, the condenser 1 1 can- be pulse-driven. Moreover, electrical power consumption can be further 
reduced by arranging such that the switch 7 has a greater number n of stages for switching over. 
[0184] Further, the capacitive load drive circuits 1 and 1Aof Embodiments 1 and 1Aare arranged to have the voltage 
divider 5 composed of the resistors 4 which are connected in series. With this, the terminal voltages of the condensers 
2a through 2i are adjusted to the predetermined voltages V1 through V9. This realizes stable repeating operation. 

25 [0185] Note that, in Embodiments 1 and 1 A, differences between each possible voltage value for the output voltage 
V, namely V1-0, V2-V1, V3-V2, V4-V3, V5-V4, V6-V5, V7-V6, V8-V7, V9-V8, VH-V9, are set to be the same value of 
VH/10, but the differences do not necessarily have the same value. However, the differences having the same value 
advantageously achieve a high efficiency in energy collection. Moreover, when the differences have the same value, 
the inrush current supplied to the condensers 2a through 2i and to the condenser 11 is kept further lower. 

30 [0186] Further, in Embodiments 1 and 1 A, the accumulating device 3 has ten condensers, but the number of con- 
densers is not particularly limited provided that the accumulating device 3 has two or more condensers. Note that, 
when the accumulating device 3 has n condensers (n is an integer not less than two), the efficiency in collecting 
electrostatic energy is n/(n+1). 

[0187] Further, the capacitive load drive circuits 1 and 1 A of Embodiments 1 and 1 A use contact points TO through 
35 T1 0 of the switch 7 to generate a sequence of pulses. When a required pulse crest value is lower than VH, however, 
driving operation can be sufficiently realized by stopping the step-up of the voltage V of the condenser 11 at a certain 
voltage m-VH/10 (m is an integer not less than 2 and not more than 9) without using all of the contact points of the 
switch 7. For example, when a required pulse crest value is 9VH/1 0, only the contact points TO through T9 of the switch 
7 may be used. Likewise, driving operation can be sufficiently carried out by stopping the step-up of the voltage V of 
40 the condenser 11 at a certain voltage m-VH/1 0 (m is an integer not less than 2 and not more than 9). When the step- 
up of the voltage V of the condenser 11 is stopped at a certain voltage m-VH/10 (m is an integer not less than 2 and 
not more than 9), the efficiency in collecting electrostatic energy is (m-1)/m. 

[0188] In these methods that do not use all of the contact points of the switch 7, the accumulating device 3 includes 
some condensers (among 2a through 2i) whose energy supply to the condenser 11 and energy collection from the 
45 condenser 11 are imbalanced. Thus, it is necessary to correct this imbalance caused by the energy supply from the 
voltage divider 5 and the like. 

[0189] Embodiment 1 A is a method to reduce electrical power consumption of a system in applying a voltage pulse 
to the condenser 11 which is a capacitive load. The method has the steps of sequentially supplying energy from the 
accumulating device 3 to the condenser 11 at a rising edge of the voltage waveform and conversely collecting energy 
50 from the condenser 11 to the accumulating device 3 at a falling edge of the voltage waveform. If the accumulating 
device 3 receives energy from another circuit between rising and falling edges of the voltage pulse, the efficiency of 
the accumulating device 3 in collecting energy from the condenser 11 decreases. 

[0190] Accordingly, the imbalance generated in the accumulating device 3 between the energy supply and the energy 
collection must be corrected when a waveform is not generated for the condenser 1 1 , or must be corrected slowly over 
55 a longer time than a time for applying a waveform to the condenser 11 . 

[0191] Further, the rotary switch 7 is used in the capacitive load drive circuits 1 and 1 A of Embodiments 1 and 1 A, 
but the switching means may be eleven one-point contact switches provided in parallel, each having one connection 
point; or a semiconductor switch. 
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[EMBODIMENT 2] 

[0192] The following will explain a further embodiment of the present invention with reference to Figures 4, 5(a) to 
5(c), and 6(a) to 6(d). Note that, for convenience, members having the same functions as those used in Embodiment 
5 1 will be given the same reference symbols, and explanation thereof will be omitted here. 

[0193] As shown in Figure 4, a capacitive load drive circuit 20 of the present embodiment has the same arrangement 
as the capacitive load drive circuit 1 of Embodiment 1 except that a switch (switching means) 17 is provided instead 
of the switch 7 of Embodiment 1 . 

[0194] The switch 17 has the same arrangement as the rotary switch 7 of Embodiment 1 except that the contact 
10 point TO is omitted. 

[0195] Namely, when lowering (discharging) the voltage V of the condenser 11, the switch 7 of Embodiment 1 is 
switched to the contact point T1 so as to cause the voltage V of the condenser 11 to be the voltage V1, and then 
switched to the contact point TO so as to lower the voltage V of the condenser 1 1 to the potential equal to the ground (0). 
[0196] In contrast, when lowering (discharging) the voltage V of the condenser 11, the switch 17 of the present 
15 embodiment is switched to the contact point T1 so as to cause the voltage V of the condenser 11 to be the voltage V1 , 
and then kept switched to the contact point T1 so as to keep connecting the condenser 1 1 and the condenser 2a having 
a smallest terminal voltage until the condenser 11 starts charging again. 

[0197] Next, the operation of the capacitive load drive circuit 20 will be explained with reference to Figures 5 and 6. 
[0198] Figures 5(a) through 5(c) are timing charts showing the operation of the capacitive load drive circuit 20. Figure 
20 5(a) is a waveform chart showing a waveform of the synchronizing signal SYNC which is supplied to the switch 17. 
Figure 5(b) is a waveform chart showing a waveform of the control voltage Q of the transistor 6, which controls the 
operation of the transistor 6. Figure 5(c) is a waveform chart showing a waveform of the voltage V which is applied to 
the condenser 11 . 

[0199] Figures 6(a) through 6(d), which show enlarged parts of the timing charts shown in Figures 5(a) through 5(c), 
25 illustrate how the switch 1 7 operates. Figure 6(a) is an enlarged waveform chart showing a part of the waveform of the 
synchronizing signal SYNC shown in Figure 5(a). Figure 6(b) is a timing chart showing how the switch 17 of Figure 4 
operates, namely, which one of the contact points TO through T10 is connected. Figure 6(c) is an enlarged waveform 
chart showing a part of the waveform of the control voltage Q shown in Figure 5(b). Figure 6(d) is an enlarged waveform 
chart showing a part of the waveform of the voltage V shown in Figure 5(c). 
30 [0200] As is understood from comparison between Figures 3(a) through (d) and Figures 6(a) through (d), the capac- 
itive load drive circuit 20 of the present embodiment operates in the same manner as the capacitive load drive circuit 

I of Embodiment 1 except that the switch 1 7 is switched to the contact T1 so as to cause the voltage V of the condenser 

II to be V1, during the period in which the switch 7 is switched to the contact point TO in the capacitive load drive 
circuit 1 of Embodiment 1. 

35 [0201] Specifically, in preparatory operation before starting the driving operation of the condenser 11, the control 
voltage Q becomes a high level as shown in Figure 5(b), so as to switch ON the transistor 6. With this, the predetermined 
voltages V1 through V9 are applied to the condensers 2a through 2i of the accumulating device 3 as terminal voltages, 
so as to charge the condensers 2a through 2i. Here, the switch 1 7 is switched to the contact point T1 . As a result, the 
voltage V of the condenser 11 rises to the voltage V1 . 

40 [0202] Next, the synchronizing signal SYNC is activated as shown in Figure 5(a), so as to start the driving operation. 
Then, by sequentially switching the switch 17 from the contact point T1 through the contact point T9, the condensers 
2b through 2i sequentially supply electrostatic energy to the condenser 1 1 , so as to raise the voltage V of the condenser 
1 1 from the voltage V 1 to the voltage V9. Next, when the switch 1 7 is switched form the contact point T9 to the contact 
point T1 0, the condenser 1 1 is connected to the power supply terminal 9, so that the voltage V applied to the condenser 

45 11 equals to the power supply voltage VH from the outside. 

[0203] Next, the switch 1 7 is kept switched to the contact point T1 0 so as to hold the voltage V of the condenser 1 1 
at the power supply voltage VH, then the switch 17 is sequentially switched from the contact point T10 through the 
contact point T1 . With this, the condensers 2a through 2i sequentially collect energy from the condenser 1 1 , so as to 
lower the voltage V of the condenser 11 from the voltage VH to the voltage V1 . 

50 [0204] Then, the voltage V1, which is not 0, keeps being applied to the condenser 11 until the voltage V of the 
condenser 11 rises again, as described above. Because of this, it is possible to retain the electrostatic energy which 
is accumulated in the condenser 11, without discarding the electrostatic energy. 

[0205] As described above, the output voltage V is stepped up by sequentially switching the switch 17; the output 
voltage V is then stepped down to the voltage V1 which is not 0 by sequentially switching the switch 1 7 reversely; and 
55 this voltage is retained until the next step-up. With this arrangement, the electrostatic energy accumulated in the con- 
denser 11 can be retained and is not discarded. As a result, the condensers 2a through 2i of the accumulating device 
3 can collect almost all of the electrostatic energy accumulated in the condenser 11, thereby further improving the 
efficiency in collecting electrostatic energy. 
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[0206] In the capacitive load drive circuit 20 of the present embodiment, the condenser 11 retains, as accumulated, 
electrostatic energy corresponding to the voltage V1 at the last step-down, namely when the switch 17 is switched to 
the contact point T1 . Thus, the electrostatic energy accumulated in the condenser 1 1 can be supplied to other capacitive 
load or circuit, when the switch 17 is switched to the contact point T1. Specifically, the electrostatic energy that the 

5 condenser 2a collects from the condenser 11 can be supplied to an external element other than the condenser 11 via 
an energy output path 15 that is connected to the condenser 2a having the smallest terminal voltage, as shown in 
Figure 4. This can reduce energy consumption of a whole apparatus including the capacitive load drive circuit 20 and 
the external element. This can also correct imbalance between energy supply and energy collection in the condenser 2a. 
[0207] As a result, almost all of the electrostatic energy accumulated in the condenser 11 can be reused. This can 

10 further improve efficiency in reusing electrostatic energy. Note that, the external element other than the condenser 11 
may be, for example, a memory circuit that consumes electrical power. 

[EMBODIMENT 2A] 

15 [0208] The following will explain yet another embodiment of the present invention with reference to Figures 72, 73 
(a) to 73(c), and 74(a) to 74(d). Note that, for convenience, members having the same functions as those used in 
Embodiment 1 , 1 A, or 2 will be given the same reference symbols, and explanation thereof will be omitted here. 
[0209] A capacitive load drive circuit 20A of the present embodiment has the same arrangement as the capacitive 
load drive circuit 20 of Embodiment 2 except the following differences. 

20 [0210] As a first difference, switches SW1 through SW9, which are similar to those in Embodiment 1 A, are respec- 
tively provided between (i) nine connection points (voltage dividing points) a through i of the voltage divider 5 and (ii) 
lines that respectively connect to the contact points T1 through T9 in a capacitive load drive circuit 20A of the present 
embodiment, as shown in Figure 72; whereas the nine connection points (voltage dividing points) a through i of the 
voltage divider 5 are directly connected to the lines that respectively connect to the contact points T1 through T9 in 

25 the capacitive load drive circuit 20 of Embodiment 2. 

[021 1] As a second difference, the capacitive load drive circuit 20 of Embodiment 2 is provided with the transistor 6, 
and operates in accordance with the timing charts shown in Figures 5 and 6, but the capacitive load drive circuit 20A 
is provided with a switch 1 6A as in Embodiment 1 A, instead of the transistor 6, and operates in accordance with timing 
charts shown in 73(a) to 73(c), or 74(a) to 74(d). 

30 [0212] Figures 73(a) through 73(c) are timing charts showing the operation of the capacitive load drive circuit 20A. 
Figure 73(a) is a waveform chart showing a waveform of the synchronizing signal SYNC which is supplied to the switch 
7. Figure 73(b) is a waveform chart showing a waveform of the control voltage Q, which controls the operation of the 
switch 1 6A. Figure 73(c) is a waveform chart showing a waveform of the voltage V which is applied to the condenser 1 1 . 
[0213] Figures 74(a) through 74(d) show another operation example of the capacitive load drive circuit 20A. Figure 

35 74(a) is an enlarged waveform chart showing a part of the waveform of the synchronizing signal SYNC shown in Figure 
73(a). Figure 74(b) is a timing chart showing how the switch 7 of Figure 1 operates, namely, which one of the contact 
points TO through T10 is connected. Figure 74(c) is an enlarged waveform chart showing a part of the waveform of 
the control voltage Q which controls the operation of the switch 16A. Figure 74(d) is an enlarged waveform chart 
showing a part of the waveform of the voltage V shown in Figure 73(c). 

40 [021 4] Note that, the operation example of Figures 73(a) through 73(c) differs from the operation example of Figures 
74 (a) through 74(d) in the same manner that the operation example of Figures 70(a) through 70(c) differs from the 
operation example of Figures 71 (a) through 71 (d). 

[0215] In the capacitive load drive circuit 20A of the present embodiment, the condenser 11 retains, as accumulated, 
electrostatic energy corresponding to the voltage V1 at the last step-down, namely when the switch 17 is switched to 

45 the contact point T1 . Thus, the electrostatic energy accumulated in the condenser 1 1 can be supplied to another ca- 
pacitive load or circuit, when the switch 17 is switched to the contact point T1. Specifically, the electrostatic energy 
that the condenser 2a collects from the condenser 1 1 can be supplied to an external element other than the condenser 
1 1 via an energy output path 1 5 that is connected to the condenser 2a having the smallest terminal voltage, as shown 
in Figure 72. This can reduce energy consumption of a whole apparatus including the capacitive load drive circuit 20 

50 and the external element. This can also correct imbalance between energy supply and energy collection in the con- 
denser 2a. 

[0216] As a result, almost all of the electrostatic energy accumulated in the condenser 11 can be reused. This can 
further improve efficiency in reusing electrostatic energy. Note that, other than the condenser 1 1 , the external element 
includes a memory circuit that consumes electrical power, for example. 
55 [0217] Further, energy is not supplied from another circuit to the accumulating device 3 between rising and falling 
edges of the voltage pulse in the present embodiment, as a result of the foregoing first and second differences. This 
can prevent lowering of efficiency of the accumulating device 3 in collecting energy from the condenser 1 1 , the lowering 
caused by the energy supply from the other circuit. 
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[EMBODIMENT 3] 

[0218] The following will explain still another embodiment of the present invention with reference to Figure 7. Note 
that, for convenience, members having the same functions as those used in Embodiment 1 will be given the same 

5 reference symbols, and explanation thereof will be omitted here. 

[0219] As shown in Figure 7, a capacitive load drive circuit of the present embodiment is either the capacitive load 
drive circuit 1 of Embodiment 1 or the capacitive load drive circuit 1 A of Embodiment 1 A shown in Figure 75. 
[0220] The present embodiment is the same as Embodiments 1 and 1 A except for an arrangement of the capacitive 
load driven by the capacitive load drive circuit 1 or 1 A. In other words, the present embodiment differs form Embodiments 

10 1 and 1 A only in methods for using the capacitive load drive circuit 1 or 1 A. 

[0221] Namely, the capacitive load to be driven is the condenser 11 in Embodiment 1 or 1 A; whereas the capacitive 
load to be driven is a plurality of piezoids 21 provided in an ink-jet head 23, as shown in Figures 7 and 75. In addition 
to the piezoids 21 , the ink-jet head 23 is provided with analog switches 22 for connecting/ disconnecting the capacitive 
load drive circuit 1 or 1 A and the piezoids 21 . 

15 [0222] According to this using method, the piezoids 21 having a high dielectric constant and a high capacitance are 
charged and discharged. With this, it is possible to collect and reuse energy highly efficiently when driving the ink-jet 
head 23 which is driven at a high repeating frequency and which consumes large electrical power. 
[0223] The following will estimate electrical power consumption for driving the ink-jet head 23 in (i) the capacitive 
load drive circuit 1 A of the present embodiment and (ii) the conventional capacitive load drive circuit which does not 

20 collect electrostatic energy. 

[0224] First, it is assumed that the ink-jet head 23 has four heads of YMCK, each of which is provided with sixty-four 
piezoids 21 and an ink jetting-out nozzle; and three color heads are simultaneously turned ON at most among the color 
heads. Here, the number of piezoids 21 connected to the capacitive load drive circuit is up to 64 x 3. Accordingly, 
when a capacitance of each piezoid 21 is 80 pF, a sum of the capacitances of the piezoids 21 which are connected to 

25 the capacitive load drive circuit at the maximum is expressed as follows. 

80 X 64 X 3 = 0.0153 jliF 

30 [0225] Then, when a rectangular wave having a crest value of 20 V and a pulse width of 8jlis is applied to the piezoids 
21 as a drive voltage in the conventional load drive circuit, a current I that flows from the capacitive load drive circuit 
to the piezoids 21 is expressed as follows. 

35 I = 0.01 53nF X 20V "J - 8jlis = 0.0384A 

Accordingly, electrical power consumption E per pulse in the conventional capacitive load drive circuit is expressed as 
follows. 

40 

E = 0.0384A X 20V = 0.768W 

[0226] On the other hand, when the ink-jet head 23 in the capacitive load drive circuit 1 A of the present embodiment 
operates in the same manner as that in the conventional capacitive load drive circuit, and when V1 = 2(V), V2 = 4(V), 
45 V3 = 6(V), V4 = 8(V), V5 = 10(V), V6 = 12(V), V7 = 14(V), V8 = 16(V), V9 = 18(V), and VH = 20(V), electrical power 
consumption per pulse is 0.077 W. 

[0227] Therefore, the capacitive load drive circuit 1 A of the present embodiment consumes only a one-tenth amount 
of electrical power as the conventional capacitive load drive circuit. This one-tenth amount of electrical power is required 
for energy that is not sent back to the condensers of the accumulating device 3 and is emitted to the ground at the 
50 end. The remaining amount of energy is sent back to the condensers and is not consumed. 

[0228] In the present example, a capacitance of each condenser 2 that makes up the accumulating device 3 needs 
to be larger than a load capacitance for driving the maximum number of piezoids 21 of the ink-jet head 23 (80 x 64 x 
3 = 0.0153 jiiF in the above example) in order to sufficiently collect electrical power. 

[0229] Note that, unlike a circuit which uses the LC resonance to collect electrical power, the apparatus of the present 
55 embodiment uses the condensers to collect electrical power. With this, it is possible to simultaneously drive many 
capacitive loads (piezoids 21) with operating characteristics (regeneration efficiency and the like) similar to those of 
the arrangement in which one capacitive load is driven. 
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[EMBODIMENT 4] 

[0230] The following will explain yet another embodiment of the present invention with reference to Figures 8, 9(a) 
to 9(c), 10(a) to 10(d), 11, and 12. Note that, for convenience, members having the same functions as those used in 

5 Embodiment 1 will be given the same reference symbols, and explanation thereof will be omitted here. 

[0231 ] As shown in Figure 8, a capacitive load drive circuit 30 of the present embodiment is the same as the capacitive 
load drive circuit 1 of Embodiment 1 except that a buffer circuit (buffer amplification means) 31 is provided between 
the accumulating device 3 and the voltage divider 5, and a transistor 16 is provided instead of the transistor 6. 
[0232] Further, the capacitive load driven by the capacitive load drive circuit 30 is the piezoids 21 which are provided 

10 in the ink-jet head 23 as in Embodiment 3. In addition to the piezoids 21, the ink-jet head 23 is provided with analog 
switches 22 as in Embodiment 3. 

[0233] The voltage divider 5 divides a power supply voltage VH, which is supplied from the outside of the resistors 
4, into voltages V1 through V9 using ten resistors; and outputs the voltages V1 through V9 via connection points a 
through i between each resistor 4. 

15 [0234] The buffer circuit 31 is composed of nine emitter followers 32, each of which is respectively inserted between 
(i) the connection points a through i between each resistor 4 of the voltage divider 5 and (ii) the condensers 2a through 2i. 
[0235] The buffer circuit 31 adjusts the voltages V1 through V9 of the voltage divider 5, and supplies the adjusted 
voltages VV through V9 to the condensers 2a through 2i as terminal voltages. The emitter follower 32 is an NPN emitter 
follower that uses an NPN transistor 32a to raise the output voltages V1 through V9 to values higher than the input 

20 voltages V1 ' through V9'. With this, it is possible to prevent the condensers 2a through 2i of the accumulating device 
3 from having the terminal voltages lower than the predetermined voltages V1 ' through V9', in case where the electric 
charge in the condensers 2a through 2i of the accumulating device 3 becomes smaller than the initial electric charge 
after collecting electric charge from the piezoids 21 which are driven, where the voltages V1 through V9 and VH are 
positive voltages. Thus, it becomes possible to precisely adjust the terminal voltages of the condensers 2a through 2i 

25 of the accumulating device 3 to the predetermined voltages V1 ' through V9'. 

[0236] Further, the buffer circuit 31 amplifies a current flowing in the voltage divider 5 and outputs the amplified 
current to the condensers 2a through 2i. This can reduce the amount of currents which flow through the resistors 4 of 
the voltage divider 5, so as to reduce electrical power consumed at the voltage divider 5. As a result, it is possible to 
further reduce the electrical power consumption. 

30 [0237] Further, the transistor 16 is a switch for switching ON/OFF the power supply to the accumulating device 3 
and the voltage divider 5. The transistor 16 is switched ON only during a predetermined period (period for supplying 
electrostatic energy), unlike the transistor 6 of Embodiments 1 through 3. 

[0238] Next, the operation of the capacitive load drive circuit 30 will be explained with reference to Figures 9(a) to 9 
(c), and Figures 10(a) to 10(d). 

35 [0239] Figures 9(a) through 9(c) are timing charts showing the operation of the capacitive load drive circuit 30. Figure 
9(a) is a waveform chart showing a waveform of the synchronizing signal SYNC which is supplied to the switch 17. 
Figure 9(b) is a waveform chart showing a waveform of the control voltage Q of the transistor 16, which controls the 
transistor 1 6. Figure 9(c) is a waveform chart showing a waveform of the voltage V which is applied to the condenser 1 1 . 
[0240] Figures 1 0(a) through 1 0(d), which show enlarged parts of the timing charts shown in Figures 9(a) through 9 

40 (c), illustrate how the switch 7 operates. Figure 10(a) is an enlarged waveform chart showing a part of the waveform 
of the synchronizing signal SYNC shown in Figure 9(a). Figure 10(b) is a timing chart showing how the switch 7 of 
Figure 8 operates, namely, which one of the contact points T1 through T10 is connected. Figure 10(c) is an enlarged 
waveform chart showing a part of the waveform of the control voltage Q shown in Figure 9(b). Figure 10(d) is an 
enlarged waveform chart showing a part of the waveform of the voltage V shown in Figure 9(c). 

45 [0241] First, in preparatory operation before starting the driving operation of the condenser 11, the control voltage 
Q becomes a high level as shown in Figure 9(b), so as to switch ON the transistor 16. With this, the output voltages 
VV through V9' of the buffer circuit 31 are applied to the condensers 2a through 2i of the accumulating device 3 as 
terminal voltages. Then, after a predetermined period, the control voltage turns to a low level as shown in Figure 9(b), 
so as to switch OFF the transistor 16. The predetermined period is set enough to fully charge the condensers 2a 

50 through 2i. 

[0242] After the transistor 16 is switched OFF, the synchronizing signal SYNC is activated as shown in Figure 9(a), 
so as to start the driving operation. 

[0243] The driving operation is the same as that of Embodiment 1 . Specifically, by sequentially switching the switch 
7 from the contact point TO through the contact point T9, the condensers 2a through 2i sequentially supply electrostatic 
55 energy to the condenser 1 1 , so as to raise the voltage V of the condenser 1 1 from 0 to the voltage V9'. Next, when the 
switch 7 is switched from the contact point T9 to the contact point T10, the condenser 11 is connected to the power 
supply terminal 9, so that the voltage V applied to the condenser 11 equals to the power supply voltage VH from the 
outside. 
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[0244] Next, the switch 7 is kept switched to the contact point T10 so as to hold the voltage V of the condenser 11 
at the power supply voltage VH over a longer period than the pulse width t of the synchronizing signal SYNC, and then 
the switch 7 is sequentially switched from the contact point T1 0 through the contact point T1 . With this, the condensers 
2a through 2i sequentially collect energy from the condenser 1 1 , so as to lower the voltage V of the condenser 1 1 from 
the power supply voltage VH to the voltage V1\ 

[0245] Then, by switching the switch 7 from the contact point T1 to the contact point TO, the condenser 1 1 is grounded 
so that the voltage V applied to the condenser 11 becomes 0, which is equal to the ground. 

[0246] After this, the transistor 16 is switched ON for the predetermined period until the condenser 11 starts a next 
driving operation. 

[0247] In this way, the transistor 16 is switched ON for the predetermined period when the drive voltage is not applied 
to the condenser 1 1 , namely when the condenser 1 1 is grounded. With this, the power supply voltage VH is applied to 
the voltage divider 5 only during the predetermined period, thereby further reducing electrical power consumption. 
[0248] Note that, the capacitive load drive circuit 30 of the present embodiment is provided with the NPN emitter 
follower 32 that raises the output voltages V1 ' through V9' to values higher than the input voltages V1 through V9 by 
using the NPN transistor 32a, in order to deal with the drop of the positive voltage. 

[0249] When a negative voltage drops (absolute value of the negative voltage decreases), however, it is preferable 
to replace the NPN emitter follower 32 with a PNP emitter follower 33 that lowers the output voltage than the input 
voltage by using a PNP transistor 33a, as shown in Figure 11. With this, it is possible to prevent the condensers 2a 
through 2i of the accumulating device 3 from having the terminal voltages lower than the predetermined voltages V1 ' 
through V9', in case where the electric charge in the condensers 2a through 2i of the accumulating device 3 becomes 
smaller than the initial electric charge after collecting electric charge from the piezoids 21 which are driven, where the 
voltages V1 through V9 and VH are negative voltages. Thus, it becomes possible to precisely adjust the terminal 
voltages of the condensers 2a through 2i of the accumulating device 3 to the predetermined voltages V1 ' through V9'. 
[0250] Further, if a positive voltage V is outputted to the piezoids 21 , the PNP emitter follower 33 as shown in Figure 
1 1 may be similarly used instead of the NPN emitter follower 32, in order to prevent the terminal voltages of the con- 
densers 2a through 2i of the accumulating device 3 from being higher than the predetermined voltages VV through 
V9', in case electric charge in the condensers 2a through 2i becomes larger than the initial electric charge because of 
the piezoelectric effect due to machine vibration, the influence of an inductive component of the load, and the like. 
[0251] Further, if it is not predictable whether the terminal voltages of the condensers 2a through 2i become higher 
or lower than the predetermined voltages V1 ' through V9' when the circuit is operated, it is preferable to use an emitter 
follower of a totem-pole type 34 as shown in Figure 1 2, instead of the NPN emitter follower 32. With this arrangement 
in which a switch 1 6B is provided on the input side of each channel, it is possible to surely prevent the formation of an 
unexpected stray-current path through which a base current flows to cause the incorrect operation of the circuit. 
[0252] The capacitive load drive circuit 30 of the present embodiment is provided with the emitter follower 32 as 
buffer amplification means (buffer means) having a voltage adjusting function, as described above. With this, it is 
possible to more precisely obtain the terminal voltages (VV through V9') which are adjusted by the voltage divider 5, 
and reduce electrical power consumed by the voltage divider 5. 

[0253] Further, in the capacitive load drive circuit 30 of the present embodiment, the transistor 1 6 used as the switch- 
ing section applies the power supply voltage VH to the voltage divider 5 only during the predetermined period, thereby 
further reducing electrical power consumption. 

[EMBODIMENT 4A] 

[0254] The following will explain still another embodiment of the present invention with reference to Figures 76(a) 
and 76(b). Note that, for convenience, members having the same functions as those used in Embodiment 1 , 1 A, or 3 
will be given the same reference symbols, and explanation thereof will be omitted here. 

[0255] As shown in Figure 76(a), a capacitive load drive circuit 30A is the same as the capacitive load drive circuit 
1 A of Embodiment 1 A, except that a buffer circuit (buffer amplification means) 31 A is provided between the accumu- 
lating device 3 and the voltage divider 5. 

[0256] Further, the capacitive load driven by the capacitive load drive circuit 30A is the piezoids 21 provided in the 
ink-jet head 23, as in Embodiments 3 and 4. In addition to the piezoids 21, the ink-jet head 23 is provided with the 
analog switches 22, as in Embodiments 3 and 4. 

[0257] The voltage divider 5 divides a power supply voltage VH, which is supplied from the outside of the resistors 
4, into voltages V1 through V9 using ten resistors; and outputs the voltages V1 through V9 via connection points a 
through i between each resistor 4. 

[0258] The buffer circuit 31 A is composed of nine push-pulls 35, each of which is respectively inserted between (i) 
the connection points a through i between each resistor 4 of the voltage divider 5 and (ii) the condensers 2a through 2i. 
[0259] The buffer circuit 31 A adjusts the voltages V1 through V9 of the voltage divider 5, and supplies the adjusted 
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voltages V1 ' through V9 to the condensers 2a through 2i as terminal voltages. The push-pull 35 is an emitter follower 
that uses an NPN transistor 35a and a PNP transistor 35b to tune the output voltages V1 through V9 to the input 
voltages V1 ' through V9', as shown in Figure 76(b). With this, it is possible to prevent the condensers 2a through 2i of 
the accumulating device 3 from having the terminal voltages lower than the predetermined voltages VV through V9', 
in case where the electric charge in the condensers 2a through 2i of the accumulating device 3 becomes smaller than 
the initial electric charge after collecting electric charge from the piezoids 21 which are driven, where the voltages V1 
through V9 and VH are positive voltages. Thus, it is possible to precisely adjust the terminal voltages of the condensers 
2a through 2i of the accumulating device 3 to the predetermined voltages V1 ' through V9'. Conversely, it is also possible 
to prevent the condensers 2a through 2i of the accumulating device 3 from having the terminal voltages higher than 
the predetermined voltages VV through V9', in case where the electric charge in the condensers 2a through 2i of the 
accumulating device 3 becomes larger than the initial electric charge after collecting electric charge from the piezoids 
21 which are driven. Thus, it is possible to precisely adjust the terminal voltages of the condensers 2a through 2i of 
the accumulating device 3 to the predetermined voltages VV through V9'. 

[0260] Further, the buffer circuit 31 A amplifies a current flowing in the voltage divider 5 and outputs the amplified 
current to the condensers 2a through 2i. This can reduce the amount of currents which flow through the resistors 4 of 
the voltage divider 5, so as to reduce electrical power consumed by the voltage divider 5. As a result, it is possible to 
further reduce the electrical power consumption. 

[0261] The operation of the switch 16A is controlled by the control voltage Q whose waveform is shown in Figures 
9(b) and 10(b). 

[0262] The driving operation is the same as that of Embodiment 1 A. Specifically, by sequentially switching the switch 
7 from the contact point TO through the contact point T9, the condensers 2a through 2i sequentially supply electrostatic 
energy to the piezoids 21, so as to raise the voltage V of the piezoids 21 from 0 to the voltage V9'. Next, when the 
switch 7 is switched from the contact point T9 to the contact point T10, the piezoids 21 are connected to the power 
supply terminal 9, so that the voltage V applied to the piezoids 21 equals to the power supply voltage VH from the 
outside. 

[0263] Next, the switch 7 is kept switched to the contact point T1 0 so as to hold the voltage V of the piezoids 21 at 
the power supply voltage VH over a longer period than the pulse width t of the synchronizing signal SYNC, and then 
the switch 7 is sequentially switched from the contact point T1 0 through the contact point T1 . With this, the condensers 
2a through 2i sequentially collect energy from the piezoids 21 , so as to lower the voltage V of the piezoids 21 from the 
power supply voltage VH to the voltage V1 '. 

[0264] Then, by switching the switch 7 from the contact point T1 to the contact point TO, the piezoids 21 are grounded 
so that the voltage V applied to the piezoids 21 becomes 0, which is equal to the ground. 

[0265] The capacitive load drive circuit 30A of the present embodiment is provided with the push-pulls 35 as buffer 
amplification means (buffer means) having a voltage adjusting function, as described above. With this, -it is possible 
to more precisely obtain the terminal voltages (V1 ' through V9') which are adjusted by the voltage divider 5, and reduce 
electrical power consumed by the voltage divider 5. 

[EMBODIMENT 5] 

[0266] Next, the following will explain yet another embodiment of the present invention with reference to Figures 13 
and 14(a) to 14(c). Note that, for convenience, members having the same functions as those used in Embodiment 1 
will be given the same reference symbols, and explanation thereof will be omitted here. 

[0267] As shown in Figure 13, a capacitive load drive circuit 40 of the present embodiment is provided with the 
accumulating device 3 composed of the condensers 2a through 2i, and the voltage divider 5 composed of the resistors 
4 each having a resistance of 1 k£2, for example, like the capacitive load drive circuit 1 of Embodiment 1. 
[0268] The capacitive load drive circuit 40 of the present embodiment applies voltages VA, VB, and VC having dif- 
ferent phases from one another, respectively to condensers 11 A, 11 B, and 11 C which are capacitive loads, so as to 
charge and discharge the condensers 11 A, 11B, and 11C. In other words, the capacitive load to be driven is divided 
into three phases: namely, the condenser 11 A to which the voltage VA in A phase is applied, the condenser 11 B to 
which the voltage VB in B phase is applied, and the condenser 11 C to which the voltage VC in C phase is applied. 
[0269] In the present embodiment, unlike previous Embodiments, output lines 37, 38, and 39 through which the 
accumulating device 3 and the voltage divider 5 output the voltages VA, VB, and VC to the condensers 1 1 A, 1 1 B, and 
1 1 C, respectively, are separated into two different kinds of paths. Namely, the output lines 37, 38, and 39 are separated 
into (i) charge paths (energy supplying path) 37a, 38a, and 39a through which the accumulating device 3 supplies 
electrostatic energy to the condensers 1 1 A, 1 1 B, and 1 1 C, and (ii) discharge paths (energy collecting path) 37b, 38b, 
and 39b through which the accumulating device 3 collects electrostatic energy from the condensers 1 1 A, 1 1 B, and 1 1 C. 
[0270] The charge paths 37a, 38a, and 39a are provided with rectifying diodes (rectifying means) 65 that regulate 
a current to flow in a direction from the accumulating device 3 toward the condensers 11 A, 11 B, and 11 C; whereas the 
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discharge paths 37b, 38b, and 39b are provided with rectifying diodes (rectifying means) 66 that regulate a current to 
flow in a direction from the condensers 11 A, 1 1 B, and 1 1 C toward the accumulating device 3. With this, a voltage from 
the accumulating device 3 is applied to the capacitive load via the charge paths 37a, 38a, and 39a, and electrostatic 
energy discharged from the condensers 1 1 A, 1 1 B, and 1 1 C are sent back to the accumulating device 3 via the discharge 
5 paths 37b, 38b, and 39b. 

[0271] Further, instead of the rotary switch 7 in Embodiment 1, the capacitive load drive circuit 40 of the present 
embodiment is provided with (A) transistors 67A, 67B, 67C, 68A, 68B, and 68C, (B) switching circuits (switching means) 

50 composed of nine transistors 41 through 49 and switching circuits (switching means) 60 composed of nine transistors 

51 through 59, (C) a selecting circuit (selecting means) 62 composed of transistors 61 A, 61 B, and 61 C, and (D) a 
10 selecting circuit (selecting means) 64 composed of transistors 63A, 63B, and 63C. 

[0272] The transistors 67A, 67B, and 67C correspond to the contact point T1 0 of the switch 7 in Embodiment 1 . The 
transistors 67A, 67B, and 67C supply the power supply voltage VH which is sent from the power supply terminal 9 to 
the condensers 11 A, 11 B, and 11 C via the output lines 37, 38, and 39; and are switched ON only during a period 
corresponding to the period when the switch 7 is switched to the contact point T10 in Embodiment 1. Note that, the 

15 transistors 67A, 67B, and 67C are provided with diodes 69 for protecting the transistors 67A, 67B, and 67C. 

[0273] The transistors 68A, 68B, and 68C correspond to the contact point TO of the switch 7 in Embodiment 1 . The 
transistors 68A, 68B, and 68C ground the condensers 1 1 A, 1 1 B, and 1 1 C via the output lines 37, 38, and 39; and are 
switched ON only during a period corresponding to the period when the switch 7 is switched to the contact point TO in 
Embodiment 1 . Note that, the transistors 68A, 68B, and 68C are provided with diodes 73 for protecting the transistors 

20 68A, 68B, and 68C. 

[0274] The nine transistors 41 , 42, 43, 44, 45, 46, 47, 48, and 49 of the switching circuit 50 and the nine transistors 
51 , 52, 53, 54, 55, 56, 57, 58, and 59 of the switching circuit 60 respectively correspond to the contact points T1 , T2, 
T3, T4, T5, T6, T7, T8, and T9 of the switch 7 in Embodiment 1 . 

[0275] The switching circuit 50 is provided at the charge paths 37a, 38a, and 39a. The transistors 41 , 42, 43, 44, 45, 

25 46, 47, 48, and 49 respectively have one ends respectively connected to the condensers 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, 
and 2i via the voltage divider 5, and the other ends commonly connected to the transistors 61 A, 61 B, and 61 C to be 
described later. The transistors 41 , 42, 43, 44, 45, 46, 47, 48, and 49 are switched ON only during periods corresponding 
to the periods where the switch 7 is switched to the contact points T1 , T2, T3, T4, T5, T6, T7, T8, and T9, respectively, 
during the period (charge period) in which the voltage is stepped up in Embodiment 1. 

30 [0276] The switching circuit 60 is provided at the discharge paths 37b, 38b, and 39b. The transistors 51 , 52, 53, 54, 
55, 56, 57, 58, and 59 have one ends respectively connected to the condensers 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, and 2i 
via the voltage divider 5, and the other ends commonly connected to the transistors 63A, 63B, and 63C to be described 
later. The transistors 51 , 52, 53, 54, 55, 56, 57, 58, and 59 are switched ON only during periods corresponding to the 
periods where the switch 7 is switched to the contact points T1 , T2, T3, T4, T5, T6, T7, T8, and T9, respectively, during 

35 the period (discharge period) in which the voltage is stepped down in Embodiment 1 . 

[0277] Thus, only one of the transistor 68A (or 68B or 68C), the transistor 67A (or 67B or 67C), the transistors 41, 
42, 43, 44, 45, 46, 47, 48, and 49, and the transistors 51 , 52, 53, 54, 55, 56, 57, 58, and 59 is selectively switched ON. 
Further, the transistors 68A (or 68B or 68C), 41, 42, 43, 44, 45, 46, 47, 48, 49, 67A (or 67B or 67C), 59, 58, 57, 56, 
55, 54, 53, 52, 51 , and 68A (or 68B or 68C) are sequentially selected in this order. Accordingly, pulse voltages stepping 

40 up and down in an approximately trapezoidal shape as shown in Figures 14(a) through 14(c) are applied to the con- 
densers 1 1 A, 1 1 B, and 1 1 C as the voltages VA, VB, VC, as in Embodiment 1 . Further, the condensers 2a, 2b, 2c, 2d, 
2e, 2f, 2g, 2h, and 2i supply electrostatic energy to the condensers 1 1 A, 1 1 B, and 1 1 C when the voltages VA, VB, and 
VC rise, and the condensers 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, and 2i collect electrostatic energy from the condensers 11 A, 
1 1 B, and 1 1 C when the voltages VA, VB, and VC fall, as in Embodiment 1 . 

45 [0278] The selecting circuit 62 is provided at the charge paths 37a, 38a, and 39a, and switches ON/OFF the tran- 
sistors 61 A, 61 B, and 61 C provided inside, so as to selectively charge one of the condensers 11 A through 11C. By 
using, as switches, the transistors 61 A, 61 B, and 61 C provided at the charge paths 37a, 38a, and 39a, an output 
voltage of the switching circuit 50 can be selectively applied to one of the condensers 1 1 A through 1 1 C, thereby charging 
the condensers 11 A through 11 C at different timings. 

50 [0279] The selecting circuit 64 is provided at the discharge paths 37b, 38b, and 39b, and switches ON/OFF the 
transistors 63A, 63B, and 63C provided inside, so as to selectively charge one of the condensers 11 A through 11C. 
By using, as switches, the transistors 63A, 63B, and 63C provided at the discharge paths 37b, 38b, and 39b, an output 
voltage of the switching circuit 60 can be selectively applied to one of the condensers 1 1 A through 1 1 C, thereby charging 
the condensers 11 A through 11 C at different timings. 

55 [0280] An example of such an operation is shown in timing charts of Figures 1 4(a), 1 4(b), and 1 4(c). Figures 1 4(a), 
14(b), and 14(c) respectively show how the voltages VA, VB, and VC, which are applied to the condensers 11 A, 11B, 
and 1 1 C, respectively, change as time elapses. The transistors 61 A, 61 B, and 61 C provided at the charge paths 37a, 
38a, and 39a, and the transistors 63A, 63B, and 63C provided at the discharge paths 37b, 38b, and 39b are used as 
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switches to adjust the ON/OFF timings, so as to drive the condensers 1 1 A through 1 1 C at the timings shown in Figures 
14(a) through 14(c). 

[0281] As described above, in the capacitive load drive circuit 40 of the present embodiment, the condensers 2a, 
2b, 2c, 2d, 2e, 2f, 2g, 2h, and 2i can collect and reuse most of the electrostatic energy which are accumulated in the 
5 condensers 11 A, 11 B, and 11C, as in Embodiment 1. 

[0282] Further, the capacitive load drive circuit 40 of the present embodiment is provided with the selecting circuits 
62 and 64 for selecting the plurality of condensers 1 1 A through 1 1 C, so as to apply voltages to the plurality of condensers 
1 1 A through 1 1 C at different timings. 

[0283] Further, the capacitive load drive circuit 40 of the present embodiment is so arranged that the charge paths 
10 37a, 38a, and 39a and the discharge paths 37b, 38b, and 39b are separated from each other. 

[0284] With this, it is possible to control the timing for charging and the timing for discharging independently, so as 
to allow one condenser 1 1 B to be charged during a discharge period of the other condenser 1 1 A, as shown in Figures 
14(a) through 14(c). Further, by separating the charge paths 37a, 38a, and 39a and the discharge paths 37b, 38b, and 
39b from each other, it is possible to optimize the charge characteristic and the discharge characteristic independently. 

15 

[EMBODIMENT 5A] 

[0285] The following will explain still another embodiment of the present invention with reference to Figure 77. Note 
that, for convenience, members having the same functions as those used in Embodiment 1 , 1 A, or 5 will be given the 
20 same reference symbols, and explanation thereof will be omitted here. 

[0286] A capacitive load drive circuit 40A of the present embodiment has the same arrangement as the capacitive 
load drive circuit 40 of Embodiment 2 except the following differences. 

[0287] As a first difference, switches SW1 through SW9 as in Embodiment 1 A are respectively provided between (i) 
nine connection points (voltage dividing points) a through iof the voltage divider 5 and (ii) lines that respectively connect 
25 to the contact points T1 through T9 in a capacitive load drive circuit 40A of the present embodiment, as shown in Figure 
77; whereas the nine connection points (voltage dividing points) a through i of the voltage divider 5 are directly con- 
nected to the lines that respectively connect to the contact points T1 through T9 in the capacitive load drive circuit 40 
of Embodiment 5. 

[0288] As a second difference, the capacitive load drive circuit 40A is provided with the switch 1 6A as in Embodiment 
30 1A. 

[0289] In the present embodiment, energy is not supplied from another circuit to the accumulating device 3 between 
rising and falling edges of the voltage pulse in the present embodiment, as a result of the foregoing first and second 
differences. This can prevent lowering of efficiency of the accumulating device 3 in collecting energy from the condenser 
1 1 , the lowering caused by the energy supply from the other circuit. 

35 

[EMBODIMENT 6] 

[0290] The following will explain yet another embodiment of the present invention with reference to Figures 15 and 
16(a) to 16(c). Note that, for convenience, members having the same functions as those used in Embodiment 1 or 5 

40 will be given the same reference symbols, and explanation thereof will be omitted here. 

[0291] A capacitive load drive circuit 70 of the present embodiment is the same as the capacitive load drive circuit 
40 of Embodiments except that rectifying diodes (rectifying means) 71 and 72 are respectively provided to the switching 
circuits 50 and 60 between the switching circuits 50 and 60 and the selecting circuits 62 and 64. 
[0292] The rectifying diodes 71 are respectively provided to the transistors 41 through 49 of the switching circuit 50 

45 on the side of the selecting circuit 62. The rectifying diodes 72 are respectively provided to the transistors 51 through 
59 of the switching circuit 60 on the side of the selecting circuit 64. 

[0293] By providing the rectifying diodes 71 and 72 as described above, a short-circuit current does not flow even 
when the delay in the ON/OFF operation of the switching circuits 50 and 60 and the like causes a plurality of transistors 
(41 through 49, and 51 through 59) to be switched ON in the switching circuit 50 or the switching circuit 60, thereby 
50 preventing the breakage of the circuit. 

[0294] In the present embodiment, the capacitive load to be driven is divided into three phases: namely, the condenser 
1 1 A to which the voltage VA in A phase is applied, the condenser 1 1 B to which the voltage VB in B phase is applied, 
and the condenser 11 C to which the voltage VC in C phase is applied, as in Embodiment 5. 

[0295] Further, in the present embodiment, as in Embodiment 5, by using, as switches, the transistors 61 A, 61 B, 
55 and 61 C provided at the charge paths 37a, 38a, and 39a and the transistors 63A, 63B, and 63C provided at the 
discharge paths 37b, 38b, and 39b, an output voltage of the switching circuit 60 can be selectively applied to one of 
the condensers 11 A through 11C, thereby charging the condensers 11 A through 11 C at different timings. 
[0296] An example of such an operation is shown in timing charts of Figures 1 6(a), 1 6(b), and 1 6(c). Figures 1 6(a), 
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1 6(b), and 1 6(c) respectively show how the voltages VA, VB, and VC, which are applied to the condensers 1 1 A, 1 1 B, 
and 11 C, respectively, change as time elapses. The transistors 61 A, 61 B, and 61 C provided at the charge paths 37a, 
38a, and 39a, and the transistors 63A, 63B, and 63C provided at the discharge paths 37b, 38b, and 39b are used as 
switches to adjust the ON/OFF timings, so as to drive the condensers 1 1 A through 1 1 C at the timings shown in Figures 
16(a) through 16(c). 

[EMBODIMENT 6A] 

[0297] The following will explain still another embodiment of the present invention with reference to Figure 78. Note 
that, for convenience, members having the same functions as those used in Embodiment 1 , 1 A, or 6 will be given the 
same reference symbols, and explanation thereof will be omitted here. 

[0298] A capacitive load drive circuit 70A of the present embodiment has the same arrangement as the capacitive 
load drive circuit 70 of Embodiment 2 except the following differences. 

[0299] As a first difference, switches SW1 through SW9 as in Embodiment 1 A are respectively provided between (i) 
nine connection points (voltage dividing points) a through iof the voltage dividers and (ii) lines that respectively connect 
to the contact points T1 through T9 in a capacitive load drive circuit 70A of the present embodiment, as shown in Figure 
78; whereas the nine connection points (voltage dividing points) a through i of the voltage divider 5 are directly con- 
nected to the lines that respectively connect to the contact points T1 through T9 in the capacitive load drive circuit 70 
of Embodiment 6. 

[0300] As a second difference, the capacitive load drive circuit 70A is provided with the switch 1 6A as in Embodiment 
1A. 

[0301] In the present embodiment, energy is not supplied from another circuit to the accumulating device 3 between 
rising and falling edges of the voltage pulse in the present embodiment, as a result of the foregoing first and second 
differences. This can prevent lowering of efficiency of the accumulating device 3 in collecting energy from the condenser 
1 1 , the lowering caused by the energy supply from the other circuit. 

[EMBODIMENT 7] 

[0302] The following will explain yet another embodiment of the present invention with reference to Figures 17, 18 
(a), 18(b), and 19. Note that, for convenience, members having the same functions as those used in Embodiment 1 
will be given the same reference symbols, and explanation thereof will be omitted here. 

[0303] A capacitive load drive circuit 81 of the present embodiment differs from the capacitive load drive circuit 1 of 
Embodiment 1 in that, as shown in Figure 1 7, the capacitive load drive circuit 81 of the present embodiment is provided 
with a voltage divider 85 which divides and sets a voltage using zener diodes 84A through 84E as constant voltage 
means (constant voltage elements) for stabilizing the divided voltages; whereas the capacitive load drive circuit of 
Embodiment 1 is provided with the voltage divider 5 which divides and sets a voltage using the resistors 4. 
[0304] Further, the capacitive load drive circuit 81 of the present embodiment differs from the capacitive load drive 
circuit 1 of Embodiment 1 in that an accumulating device 83 in which condensers (energy accumulating elements) 82A 
through 82E are connected in series is provided instead of the accumulating device 3 in which the condensers 2a 
through 2i are connected in parallel. 

[0305] Further, the capacitive load drive circuit 81 of the present embodiment differs from the capacitive load drive 
circuit 1 of Embodiment 1 in that a switching circuit (switching means) 87 composed of a plurality of switches 91 through 
96 is provided instead of the rotary switch 7. 

[0306] The voltage divider 85 divides the power supply voltage VH into predetermined voltages V1 through V4 using 
the zener diodes 84A, 84B, 84C, 84D, and 84E which are a plurality of constant voltage elements connected in series 
between the power supply terminal 9 and the ground. Then, the voltage divider 85 outputs the predetermined voltages 
V1 through V4 to the accumulating device 83 from connection points between the zener diodes 84A, 84B, 84C, 84D, 
and 84E. 

[0307] The accumulating device 83 is so arranged that the condensers 82A, 82B, 82C, 82D, and 82E are sequentially 
connected in series in this order from the ground to the power supply terminal 9. The condenser 82A has one end 
grounded and the other end to which the voltage V1 is applied from the voltage divider 85. Further, the voltage V1 and 
the voltage V2 are respectively applied to ends of the condenser 82B, the voltage V2 and the voltage V3 are respectively 
applied to ends of the condenser 82C, and the voltage V3 and the voltage V4 are respectively applied to ends of the 
condenser 82D. Further, the condenser 82E has one end to which the power supply voltage VH is supplied from the 
power supply terminal 9, and the other end to which the voltage V4 is applied from the voltage divider 85. 
[0308] The six switches 91 through 96 of the switching circuit 87 basically correspond to the contact points TO through 
T10 of the switch 7. In other words, the switching circuit 87 selectively switches ON one of the switches 91 through 
96. The switch 91 is grounded, the voltages V1, V2, V3, and V4 supplied from the accumulating device 83 and the 
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voltage divider 85 are respectively applied to the switches 92 through 95, and the switch 96 is connected to the power 
supply terminal 9. In an initial state, the switch 91 is selected. Then, by sequentially selecting the switches 92, 9S(4), 
and 95 in this order, electrostatic energy is sequentially supplied from the condensers 82A through 82E to the condenser 
11, so as to raise the voltage V of the condenser 11 from 0 to the voltage V4. Next, by selecting the switch 96, the 
5 condenser 11 is connected to the power supply terminal 9, so that the voltage V applied to the condenser 11 becomes 
equal to the power supply voltage VH from the outside. 

[0309] Next, the switch 96 is kept switched ON for a predetermined period so as to hold the voltage of the condenser 
11 at the power supply voltage VH. Then, by sequentially selecting the switches 95, 94, 9S(2) in this order, energy is 
sequentially collected from the condenser 11 to the condensers 82A through 82E, so as to lower the voltage V of the 
10 condenser 11 from the power supply voltage VH to the voltage V1 . 

[0310] After this, by selecting the switch 91, the condenser 11 is grounded so that the voltage V applied to the 
condenser 11 becomes 0, which is equal to the ground. 

[0311] Next, the operation principle of the voltage divider 85 will be explained with reference to Figures 18(a) and 
18(b). 

15 [0312] As shown in Figure 18(a), when a current from the condenser 11 flows into the terminal voltage V2 of the 
zener diode 84B on the cathode side in such a direction as to raise an output terminal voltage (potential of the switch 
93) P2, a load current flows into the condensers 82A and 82B in response to the current flowing in and out of the 
condenser 11, so as to absorb the current from the condenser 11. Concurrently, the zener diodes 84A and 84B have 
deeper operating point so that their impedances are lowered. Thus, a current flows from the condenser 1 1 to the ground 

20 line via the zener diodes 84A and 84B so that the output terminal voltage P2 maintains the zener voltage V2. 

[0313] Further, as shown in Figure 18(b), when a current from the condenser 11 flows in and out of the terminal 
voltage V2 of the zener diode 84C on the anode side in such a direction as to lower the output terminal voltage P2, a 
current flows from the condensers 82C, 82D, and 82E to the condenser 11 in response to the current flowing in and 
out of the condenser 1 1 , so as to absorb the current flowing in and out of the condenser 1 1 . Concurrently, the zener 

25 diodes 84C, 84D and 84E have deeper operating point so that their impedances are lowered. Thus, a current flows 
from the power supply line to the condenser 11 via the zener diodes 84C, 84D, and 84E so that the output terminal 
voltage P2 maintains the zener voltage V2. 

[0314] As described above, the zener diodes 84A, 84B, 84C, 84D, and 84E absorb the current flowing in and out of 
the condenser 11 which raises or lowers the output terminal voltage P2. Strictly speaking, the zener voltages of-the 
30 zener diodes 84A, 84B, 84C, 84D, and 84E change as the operating point varies. However, the changes are so slight 
as to be practically negligible. Therefore, the output terminal voltages P1 through P4, namely the terminal voltages 
82A through 82E, can be maintained to be constant. 

[0315] Note that, the capacitive load drive circuit 81 of the present embodiment may be provided with a buffer circuit 
102 in which condensers 101 A, 101B, 101C, 101 D, and 101 E are sequentially connected in series in this order from 
35 the ground to the power supply terminal 9, as in a capacitive load drive circuit 100 shown in Figure 19. With this, it is 
possible to buffer and absorb a current flowing from the condenser 11 into the voltage divider 85, or a current flowing 
out of the voltage divider 85 to the condenser 11 . This can reduce the workload of the zener diodes 84A, 84B, 84C, 
84D, and 84E. 

[0316] Further, as in the capacitive load drive circuit 100 shown in Figure 19, current-limit resistors 103, 104, 105, 
40 and 106 may be respectively inserted between (i) connection points between the zener diodes 84A, 84B, 84C, 84D, 
and 84E and (ii) connection points between the condensers 82A, 82B, 82C, 82D, and 82E, so as to form a counter- 
change adjusting section 1 07. This can further reduce the workload of the zener diodes 84A, 84B, 84C, 84D, and 84E. 

[EMBODIMENT 7A] 

45 

[0317] The following will explain still another embodiment of the present invention with reference to Figures 79 and 
80. Note that, for convenience, members having the same functions as those used in Embodiment 1 or 7 will be given 
the same reference symbols, and explanation thereof will be omitted here. 

[0318] A capacitive load drive circuit 81 A of the present embodiment has the same arrangement as the capacitive 

50 load drive circuit 81 of Embodiment 2 except the following difference. 

[0319] As the difference, switches SW12 through SW16 similar to the switches SW1 through SW9 of Embodiment 
1 A are respectively provided between (i) five connection points other than the grounded connection point among the 
six connection points of the voltage divider 5 and (ii) the switches 92 through 96 in the capacitive load drive circuit 70A 
of the present embodiment, as shown in Figures 79 and 80; whereas the six connection points of the voltage divider 

55 5 are directly connected to the switches 91 through 96 in the capacitive load drive circuit 70 of Embodiment 6. 

[0320] In the present embodiment, energy is not supplied from another circuit to the accumulating device 3 between 
rising and falling edges of the voltage pulse in the present embodiment, as a result of the foregoing first and second 
differences. This can prevent lowering of efficiency of the accumulating device 3 in collecting energy from the condenser 
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1 1 , the lowering caused by the energy supply from the other circuit. 
[EMBODIMENT 8] 

5 [0321] The following will explain yet another embodiment of the present invention with reference to Figure 20. Note 
that, for convenience, members having the same functions as those used in Embodiment 1 or 8 will be given the same 
reference symbols, and explanation thereof will be omitted here. 

[0322] In the arrangement of Embodiment 7, the zener diodes 84A, 84B, 84C, 84D, and 84E may burn out when the 
power supply voltage VH becomes larger than a sum of zener voltages of the zener diodes 84A, 84B, 84C, 84D, and 

10 84E due to (i) unevenness in the power supply voltage and in each of zener voltages of the zener diodes 84A, 84B, 
84C, 84D, and 84E; (ii) changes over time; and (iii) temperature changes. Further, in the arrangement of Embodiment 
7, each terminal voltage of the zener diodes 82A, 82B, 82C, 82D, and 82E may become uncertain when the power 
supply voltage VH becomes smaller than a sum of zener voltages of the zener diodes 84A, 84B, 84C, 84D, and 84E. 
[0323] The present embodiment will explain a capacitive load drive circuit that solves the above problems. 

15 [0324] As shown in Figure 20, a capacitive load drive circuit 110 of the present embodiment is so arranged that a 
pull-up resistor 108 is used instead of the zener diode 84E, and a terminal of the zener diode 84D is pulled up to a 
power supply line 97 by using the pull-up resistor 1 08 in the capacitive load drive circuit 81 of Embodiment 7. Namely, 
the capacitive load drive circuit 1 1 0 is so arranged that the stage that is closest to the power supply line 97 (uppermost 
stage) absorbs a difference between (i) the sum of zener voltages of the zener diodes 84A, 84B, 84C, 84D, and 84E 

20 and (ii) the power supply voltage VH. With this arrangement, the power supply line 97 supplies a bias current to the 
zener diodes 84A, 84B, 84C, and 84D via the pull-up resistor 108, thereby stabilizing the terminal voltages of the 
condensers 82A, 82B, 82C, 82D, and 82E. Here, the sum of zener voltages of the zener diodes 84A, 84B, 84C, 84D, 
and 84E is set lower than the power supply voltage VH. 

[0325] Further, as in the capacitive load drive circuit 100 shown in Figure 19, current-limit resistors 103, 104, 105, 
25 and 106 may be respectively inserted between (i) connection points between the zener diodes 84A, 84B, 84C, and 
84D and the pull-up resistor 108 and (ii) connection points between the condensers 82A, 82B, 82C, 82D, and 82E so 
as to form a counter-change adjusting section 107 in the capacitive load drive circuit 110 of the present embodiment. 
This can further reduce the workload of the zener diodes 84A, 84B, 84C, and 84D. 

[0326] Note that, apart from the arrangement in which the pull-up resistor 1 08 is provided, a pull-down resistor may 
30 be used instead of the zener diode 84A in the capacitive load drive circuit 81 of Embodiment 7, so as to pull down a 
terminal of the zener diode 84D to a ground line 98 by using the pull-down resistor. With this, the same effects can be 
achieved as in the arrangement employing the pulling-up, thereby stabilizing the terminal voltages of the condensers 
82A, 82B, 82C, 82D, and 82E. 

35 [EMBODIMENT 9] 

[0327] The following will explain still another embodiment of the present invention with reference to Figure 21 . Note 
that, for convenience, members having the same functions as those used in Embodiment 1 or 7 will be given the same 
reference symbols, and explanation thereof will be omitted here. 
40 [0328] The present embodiment will explain a capacitive load drive circuit that solves the problems regarding the 
difference between (i) the sum of zener voltages of the zener diodes 84A, 84B, 84C, 84D, and 84E and (ii) the power 
supply voltage VH as described in Embodiment 8. 

[0329] In order to arrange such that the intermediate stages absorb the difference between the power supply voltage 
VH and the sum of zener voltages of the zener diodes 84A, 84B, 84C, and 84D, a capacitive load drive circuit 120 of 

45 the present embodiment is so arranged that the zener diodes (84A, 84B, 84C, 84D, and 84E) are separated into those 
on the power supply line 97 side (84D and 84E) and those on the ground line 98 side (84A and 84B). Further, the zener 
diodes 84D and 84E on the power supply line 97 side are pulled up to the power supply line 97 by using a pull-up 
resistor 111, and the zener diodes 84A and 84B on the ground line 98 side are pulled down to the ground line 98 by 
using a pull-down resistor 112, so as to supply a bias current to the zener diodes 84A, 84B, 84D, and 84E. Here, the 

50 sum of zener voltages of the zener diodes 84A, 84B, 84C, 84D, and 84E is set lower than the power supply voltage VH. 
[0330] The capacitive load drive circuit 1 20 is provided with a voltage divider 1 1 3 composed of a first voltage divider 
113A and a second voltage divider 113B which are connected in parallel between the power supply line 97 and the 
ground line 98. The first voltage divider 113A includes the zener diodes 84A and 84B which are connected in series 
between the power supply line 97 and the ground line 98, and the pull-up resistor 111 is inserted between (i) the zener 

55 diodes 84A and 84B and (ii) the power supply line 97. The second voltage divider 1 1 3B includes the zener diodes 84D 
and 84E which are connected in series between the power supply line 97 and the ground line 98, and the pull-down 
resistor 112 is inserted between (i) the zener diodes 84D and 84E and (ii) the ground line 98. 

[0331] In this way, by absorbing the difference between the power supply voltage VH and the sum of zener voltages 
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of the zener diodes 84A, 84B, 84C, and 84D at the intermediate stages, it is possible to maintain the stability of terminal 
voltages in the vicinity of the power supply line 97 and in the vicinity of the ground line 98. 

[0332] Further, as in the capacitive load drive circuit 100 shown in Figure 19, current-limit resistors 103, 104, 105, 
and 106 are respectively inserted between (i) connection points between the zener diodes 84A, 84B, 84C, and 84D, 
5 the pull-up resistor 111, and the pull-down resistor 112 and (ii) connection points of the condensers 82A, 82B, 82C, 
82D, and 82E so as to form a counter-change adjusting section 107 in the capacitive load drive circuit 120 of the 
present embodiment. This can further reduce the workload of the zener diodes 84A, 84B, 84C, and 84D, and 84E. 

[EMBODIMENT 10] 

w 

[0333] The following will explain yet another embodiment of the present invention with reference to Figure 22. Note 
that, for convenience, members having the same functions as those used in Embodiment 1 , 7, or 9 will be given the 
same reference symbols, and explanation thereof will be omitted here. 

[0334] The accumulating device 83 in which the condensers 82A through 82E are connected in series as in Embod- 
15 iments 7 through 9 has the problem that a current flowing in and out of the condenser 11 affects all of the condensers 
82A through 82E when any of the switches 91 through 96 is turned ON. 

[0335] The present embodiment will explain a capacitive load drive circuit that solves the above problem, with ref- 
erence to Figure 22. 

[0336] As shown in Figure 22, a capacitive load drive circuit 130 of the present embodiment has the same arrange- 
20 ment as the capacitive load drive circuit 120 of Embodiment 9 except that an accumulating device 125 is provided 
instead of the accumulating device 83. 

[0337] In the accumulating device 125, one ends of condensers (energy accumulating elements) 121 through 124 
are connected to either the power supply line 97 or the ground line 98, and the other ends of the condensers 121 
through 124 are connected to the switches 92 through 95 to which the voltages V1 through V4, which are obtained by 
25 dividing the power supply voltage VH, are applied. More specifically, the condenser 121 is interposed between the 
ground line 98 and the switch 92, the condenser 122 is interposed between the ground line 98 and the switch 93, the 
condenser 1 23 is interposed between the power supply line 97 and the switch 94, and the condenser 1 24 is interposed 
between the power supply line 97 and the switch 95. 

[0338] With this, when one of the switches 92 through 95 is selected, only one of the condensers 121 through 124 
30 is connected to the condenser 1 1 . This separates the condensers 1 21 through 1 24 from one another, thereby preventing 
the condensers 121 through 124 from interfering with one another. In other words, when any of the switches 92 through 
95 is switched ON, the current flowing in and out of the condenser 1 1 affects only one of the condensers 121 through 1 24. 
[0339] When the intermediate stages absorbs the difference between the power supply voltage VH and the zener 
voltages as in Embodiments 9 and 10, the number of stages for absorption, namely, the number of the condensers 
35 82A, 82B, 82C, 82D, and 82E interposed between the pulled-up line and the pulled-down line is not limited, but is 
preferably one. 

[0340] Further, in the arrangement in which, as in Embodiments 9 and 10, the intermediate stages absorb the dif- 
ference between the power supply voltage VH and the zener voltages, a difference between (i) the number of zener 
diodes on the ground line 98 side, namely the number of zener diodes included in the first voltage divider 113A, and 
40 (jj) the number of zener diodes on the power supply line 97 side, namely the number of zener diodes included in the 
second voltage divider 113B is preferably one or less, for better stability of the voltage. 

[0341] Note that, Embodiments 7 through 1 0 explained the cases where zener diodes are used as constant voltage 
means (constant voltage element) for stabilizing the divided voltages, but other constant voltage means (constant 
voltage element) such as a shunt regulator, for example, may also be used instead of a zener diode. 

45 

[EMBODIMENT 11] 

[0342] The following will explain an embodiment of an ink-jet printer (image forming apparatus) employing the present 
invention, with reference to Figures 7, 23, and 24. 
50 [0343] Figure 23 is a perspective view showing chief members of the ink-jet printer (image forming apparatus). 

[0344] As shown in Figure 23, an ink-jet printer (image forming apparatus) 210 of the present embodiment is so 
arranged that a carriage 211, which is connected to a pulse motor 213 via a timing belt 212, is guided by a guide 
member 214 to move back and forth in a direction of the width of a recording paper 215. 

[0345] An ink-jet head 23 receives ink supplied from an ink cartridge 21 7 which is placed on the carriage 21 1 , and 
55 jets out ink drops onto the recording paper 21 5 so as to form dots on the recording paper 21 5 in accordance with the 
motion of the carriage 211 , thereby printing images and characters on the recording paper 215. 
[0346] Figure 24 is a cross-sectional view showing an arrangement of the ink-jet head 23. 

[0347] As shown in Figure 24, the ink-jet head 23 is so arranged that a nozzle plate 220 has a nozzle orifice 221 ; a 
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flow path forming plate 222 has (i) a communicating hole which partitions a pressure generating chamber 223, (ii) a 
communicating hole or groove which partitions two ink supply ports that respectively communicate with the pressure 
generating chamber 223 on both sides, and (iii) a communicating hole which partitions two common ink chambers 225 
that respectively communicate with the ink supply ports 224. A vibration plate 226 is made of a thin plate that is elastically 
deformable. The vibration plate 226 abuts on an edge of a piezoid 21 such as a piezoelectric element, and is so fixed 
that the vibration plate 226 and the nozzle plate 220 sandwich the flow path forming plate 222, whereby the vibration 
plate 226 and the flow path forming plate 222 are integrated in a liquid-tight manner. In this way, a flow path unit 228 
is constituted. The piezoid 21 is fixed on a fixed substrate 232. 

[0348] With this arrangement, ink in the common ink chambers 225 flow into the pressure generating chamber 223 
via the ink supply ports 224, when the piezoid 21 contracts so as to expand the pressure generating chamber 223. 
The ink in the pressure generating chamber 223 is compressed so as to jet out ink drops through the nozzle orifice 
221 , when the piezoid 21 extends after a predetermined period so as to contract the pressure generating chamber 223. 
[0349] The piezoid 21 of the ink-jet head 23 is connected to the capacitive load drive circuit 1 via the analog switch 
22, as shown in Figure 7. The capacitive load drive circuit 1 generates a trapezoidal wave of a voltage having a value 
required for jetting out ink drops through the nozzle orifice 221. Further, the analog switch 22 selectively applies the 
output voltage V of the capacitive load drive circuit 1 to the piezoid 21 which corresponds to data to be printed. 
[0350] By using the capacitive load drive circuit 1 of the present invention to drive the piezoids of the ink-jet printer 
(image forming apparatus) 210 as described above, it is possible to reduce the electrical power consumption of the 
ink-jet printer (image forming apparatus) 210. 

[0351] Note that, the foregoing explained the case where the capacitive load drive circuit of the present invention is 
used to drive the piezoids (capacitive load) in the ink-jet printer (image forming apparatus) 210 which uses piezoids 
as ink jetting-out means for pressurizing ink to jet out the ink in droplets. However, the capacitive load drive circuit of 
the present invention may also be used to drive electrostatic drive electrodes in an ink-jet printer employing an elec- 
trostatic method in which the electrostatic drive electrodes are used as the ink jetting-out means [such as a method to 
jet out ink using inter-electrode electrostatic attraction force which is generated by applying a voltage between two 
electrodes (electrostatic drive electrodes)]. With this, the same effects of reducing electrical power consumption can 
be achieved. 

[0352] Further, the ink-jet printer or image forming apparatus of the present invention is of course not limited to a 
special apparatus for printing, but may be a complex machine having the functions of a copying machine, a facsimile 
machine, and the like. 

[EMBODIMENT 12] 

[0353] Here, the principle of the present invention will be explained. 

[0354] In a circuit of Figure 50(a), it is assumed that an initial potential of an energy accumulating element Cs1 is 
V0 and an initial potential of the capacitive load Cd is 0, as shown in Figure 50(a). When the switch SW1 is switched 
ON at t=0, a potential difference between the energy accumulating element Cs1 and the capacitive load Cd causes a 
current I to flow from the energy accumulating element Cs1 to the capacitive load Cd, so as to charge the capacitive 
load Cd, as shown in Figure 50(b). Here, the both terminal voltages of the capacitive load Cd are given by the following 
expression. 



Csl 



Cd + Csl 




Cd+Cs^ 

[0355] After the switch SW1 is kept turned ON for a sufficient time, the difference between a voltage Vs of the energy 
accumulating element Cs1 and a voltage Vd of the capacitive load Cd (potential difference between the energy accu- 
mulating element Cs1 and the capacitive load Cd) is eliminated so that the current I becomes 0. Figures 51 (a) and 51 
(b) show how the voltages Vs and Vd and the current I change as time elapses. Here, V1 is the saturation voltage. 



Cd + Cs^i 



[0356] Next, the switch SW1 is turned OFF and the capacitive load Cd is connected to an energy accumulating 
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element Cs2 having an initial potential of VO+AV (see Figure 52). The potential difference between the capacitive load 
Cd and the energy accumulating element Cs2 charges the capacitive load Cd. Here, the both terminal voltages of the 
capacitive load Cd are given by the following expression. 



(F 0+ Ar-^).jl-£xp^jJ-fP; 



Cd + Cs2 

Cd- Cs2 



x2 = 



Cd+ Cs2 



[0357] After the switch SW2 is kept switched ON for a sufficient time, the potential difference between the energy 
accumulating element Cs1 and the capacitive load Cd is eliminated so that the current I becomes 0 (see Figure 52). 
Here, V2 is the saturation voltage. 

[0358] Further, the switch SW2 is turned OFF and the switch SW1 is turned ON (see Figure 53). The potential 
difference between the capacitive load Cd and the energy accumulating element Cs2 discharges the capacitive load 
Cd. Here, the both terminal voltages of the capacitive load Cd are given by the following expression. 



Cd+Csl 



•(^-r 2 ).|l-£x^-^| + K 2 



[0359] After the switch SW1 is kept switched ON for a sufficient time, the potential difference between the energy 
accumulating element Cs1 and the capacitive load Cd is eliminated so that the current I becomes 0. Here, V3 is the 
saturation voltage. 

3 Cd+Cs^ v 1 2/ 2 

[0360] Here, if it is assumed that the capacitance Cs1 of the energy accumulating element Cs1 and the capacitance 
Cs2 of the energy accumulating element Cs2 are sufficiently larger than the capacitance Cd of the capacitive load Cd, 
the following expressions are obtained. 

Cs1 ^ 1 Cs2 ^ 1 



Cd+Cs^ ' Cd+Cs2 



V 3 =V, = V Q 



[0361] Therefore, in the energy accumulating element Cs1 , (i) initial potential V0, (ii) potential V1 after charging the 
capacitive load Cd, and (iii) potential V3 after being regenerated from the capacitive load Cd are approximately equiv- 
alent, so that apparent energy loss between the energy accumulating element Cs1 and the capacitive load Cd becomes 
0. 

[0362] Next, a capacitive load drive circuit 301 having four stages as shown in Figure 30 will be exemplified as an 
embodiment to explain the principle of operation. 

[0363] The capacitive load drive circuit 301 charges and discharges a capacitive load 311 such as a piezoid so as 
to drive the capacitive load 311 . The capacitive load drive circuit 301 is provided with condensers C(1 ), C(2), and C(3) 
as energy accumulating elements which are connected in parallel between the capacitive load 311 and the ground. 
The capacitive load drive circuit 301 is further provided with an electrical power source 309 which is an AC power 
source (power source) for supplying the power supply voltage VH. 

[0364] The capacitive load drive circuit 301 is provided with initial potential applying means (not shown) for applying 
initial potentials (initial electric charge) respectively to the condensers C(1 ) through C(3). The initial potential applying 
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means splits (divides), into four equal parts, a potential difference (voltage) between (i) the ground potential (=0) and 
(ii) the power supply voltage VH which is supplied from the electrical power source 309; and applies three potentials 
V1 (=1/4-VH), V2 (=2/4-VH), and V3 (=3/4-VH), which are generated by dividing the voltage, respectively to the con- 
densers C(1 ) through C(3) as the initial potentials. The initial potential applying means is connected between the ground 
(ground point) and the electrical power source 309, for example. The initial potential applying means is voltage dividing 
means which divides the potential difference between the ground potential and the power supply voltage VH, and which 
supplies the divided voltages to voltage dividing points to which the condensers C(1) through C(3) are respectively 
connected. For example, like the voltage divider 5 as described before, the voltage dividing means may be a resistance 
type voltage dividing circuit having four resistors which are connected in series between (i) the ground (ground terminal) 
and (ii) a power supplying point VH (power supply terminal) to which the power supply voltage V is supplied. 
[0365] Further, switching elements S(1 ), S(2), and S(3) are respectively connected between the capacitive load 311 
and the condensers C(1), C(2), and C(3). A switching element S(4) is connected between the electrical power source 
309 and the capacitive load 31 1 . A switching element S(0) is connected between a ground potential G and the capacitive 
load 311 . In this embodiment, the switching elements S(0) through S(4) make up switching means. On the other hand, 
the other terminal of the capacitive load 311, which is not connected to the switching elements S(0) through S(4), is 
connected to the ground. Further, the other terminals of the condensers C(1 ), C(2), and C(3), which are not connected 
to the capacitive load 31 1 , are connected to the ground via a ground point (reference potential terminal, ground terminal) 
C(0). 

[0366] The following will explain the operation of the capacitive load drive circuit 301 as arranged above, with refer- 
ence to Figures 31 (a) to (e), 32(a) to 32(d), and 33. Note that, for convenience, the following will explain a case where 
the power supply voltage VH is a positive potential. When the power supply voltage VH is a negative potential, the 
capacitive load drive circuit 301 operates in the same manner except that the potential has the opposite polarity and 
the electric charge moves in the opposite direction. 

[0367] Initially, only the switching element S(0) is switched ON (ON state) among the switching elements S(0) through 
S(4), as shown in Figure 31(a); and the capacitive load 311 does not accumulate electric charge (initial state) (SO in 
Figure 81). 

[0368] In a first step, the switching element S(0) is switched OFF (OFF state), and then the switching element S(1) 
is switched ON, as shown in Figure 31 (b). Here, the condenser C(1 ) accumulates energy of the potential V1 (=1/4-VH), 
and the capacitive load 311 does not accumulate electric charge, resulting in a potential difference of VH/4 between 
the condenser C(1) and-the capacitive load 311. With this potential difference of VH/4, electric charge in accordance 
with a ratio of a capacitance C1 of the condenser C(1) to the capacitance Cd of the capacitive load 311 moves from 
the condenser C(1) to the capacitive load 311 . In other words, the condenser C(1) supplies electrostatic energy (here- 
inafter merely referred to as "energy" when appropriate) to the capacitive load 31 1 , so as to charge the capacitive load 
31 1 (S1 in Figure 81 ). The potential of the condenser C(1 ) falls as much as an amount of electric charge flowing into 
the capacitive load 311 , whereas the potential of the capacitive load 311 rises by an amount of electric charge flowing 
from the condenser C(1). When the capacitance C1 of the condenser C(1) is sufficiently larger than the capacitance 
Cd of the capacitive load 311 (C1 > Cd), the change in potential of the condenser C(1) is small. When the switching 
element S(1) is kept switched ON for a sufficiently long time, the condenser C(1) and the capacitive load 311 have 
substantially the same potential as a result of the energy transfer. Consequently, the potentials of the condenser C(1 ) 
and the capacitive load 311 after charging are slightly lower than the initial potential VH/4 (=V1 ) of the condenser C(1 ) 
(see Figure 33). This potential after charging is V1'. 

[0369] In a second step, the switching element S(1 ) is switched OFF, and then the switching element S(2) is switched 
ON, as shown in Figure 31 (c). Here, the condenser C(2) accumulates energy of the potential V2 which is higher than 
the potential V1\ so that electric charge in accordance with a ratio of a capacitance C2 of the condenser C(2) to the 
capacitance Cd of the capacitive load 311 moves from the condenser C(2) to the capacitive load 311. In other words, 
with the potential difference V2-VV (=VH/4+cc; a is a positive value extremely smaller than VH), the condenser C(2) 
supplies energy to the capacitive load 311, so as to further charge the capacitive load 311 (S2 in Figure 81). The 
potential of the condenser C(2) falls as much as an amount of electric charge flowing into the capacitive load 311, 
whereas the potential of the capacitive load 311 rises by an amount of electric charge flowing from the condenser C 
(2). When the capacitance C2 of the condenser C(2) is sufficiently larger than the capacitance Cd of the capacitive 
load 311 (C2 > Cd), the change in potential of the condenser C(2) is small. When the switching element S(2) is kept 
switched ON for a sufficiently long time, the condenser C(2) and the capacitive load 311 have substantially the same 
potential as a result of the energy transfer. Consequently, the potentials of the condenser C(2) and the capacitive load 
31 1 after charging are slightly lower than the initial potential 2VH/4 (=V2) of the condenser C(2) (see Figure 33). This 
potential after charging is V2'. 

[0370] In a third step, the switching element S(2) is switched OFF, and then the switching element S(3) is switched 
ON, as shown in Figure 31 (d). Here, the condenser C(3) accumulates energy of the potential V3 which is higher than 
the potential V2', so that electric charge in accordance with a ratio of a capacitance C3 of the condenser C(3) to the 
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capacitance Cd of the capacitive load 311 moves from the condenser C(3) to the capacitive load 311. In other words, 
with the potential difference V3-V2' (=VH/4+cc), the condenser C(3) supplies energy to the capacitive load 311, so as 
to further charge the capacitive load 311 (S3 in Figure 81). The potential of the condenser C(3) falls as much as an 
amount of electric charge flowing into the capacitive load 311 , whereas the potential of the capacitive load 311 rises 
by an amount of electric charge flowing from the condenser C(3). When the capacitance C3 of the condenser C(3) is 
sufficiently larger than the capacitance Cd of the capacitive load 311 (C3 > Cd), the change in potential of the condenser 
C(3) is small. When the switching element S(3) is kept switched ON for a sufficiently long time, the condenser C(3) 
and the capacitive load 31 1 have substantially the same potential as a result of the energy transfer. Consequently, the 
potentials of the condenser C(3) and the capacitive load 311 after charging are slightly lower than the initial potential 
3VH/4 (=V3) of the condenser C(3) (see Figure 33). This potential after charging is V3'. 

[0371] In a fourth step, the switching element S(3) is switched OFF, and then the switching element S(4) is switched 
ON, as shown in Figure 31 (e). Here, the power supply voltage (power supply potential) VH is higher than the potential 
V3'. With this potential difference VH-V3' (=VH/4+oc), the electrical power source 309 supplies energy to the capacitive 
load 311, so as to further charge the capacitive load 311 (S4 in Figure 81). When the switching element S(4) is kept 
switched ON for a sufficiently long time, the potential of the capacitive load 311 after charging is boosted to the power 
supply voltage VH. 

[0372] In a fifth step, the switching element S(4) is switched OFF, and then the switching element S(3) is switched 
ON, as shown in Figure 32(a) (S5 in Figure 81). Here, the capacitive load 311 accumulates VH, which is higher than 
the potential V3' of the condenser C(3). With this potential difference of VH-V3', which is VH/4+cc, electric charge in 
accordance with a ratio of the capacitance C3 of the condenser C(3) to the capacitance Cd of the capacitive load 
moves to the condenser C(3). With this, the potential of the condenser C(3) rises by an amount of electric charge 
flowing from the capacitive load 311, whereas the potential of the capacitive load 311 falls as much as an amount of 
electric charge flowing into the condenser C(3). When the switching element S(3) is kept switched ON for a sufficiently 
long time, the condenser C(3) and the capacitive load 311 have the same potential as a result of the energy transfer. 
Consequently, the potential of the condenser C(3) substantially returns to the original V3 = 3VH/4, namely, energy is 
regenerated from the capacitive load 311 to the condenser C(3) (S5 in Figure 81). 

[0373] In a sixth step, the switching element S(3) is switched OFF, and then the switching element S(2) is switched 
ON, as shown in Figure 32(b) (S6 in Figure 81). Here, the capacitive load 311 accumulates V3, which is higher than 
the potential V2'. With this potential difference of V3-V2', which is VH/4+oc, electric charge in accordance with a ratio 
of the capacitance C2 of the condenser C(2) to the capacitance Cd of the capacitive load 311 moves from the capacitive 
load 311 to the condenser C(2), so as to charge the condenser C(2). With this, the potential of the condenser C(2) 
rises by an amount of electric charge flowing from the capacitive load 31 1 , whereas the potential of the capacitive load 
311 falls as much as an amount of electric charge flowing into the condenser C(2). When the switching element S(2) 
is kept switched ON for a sufficiently long time, the condenser C(2) and the capacitive load 311 have the same potential 
as a result of the energy transfer. Consequently, the potential of the condenser C(2) substantially returns to the original 
V2 = 2VH/4. Namely, energy is regenerated from the capacitive load 311 to the condenser C(2) (S6 in Figure 81). 
[0374] In a seventh step, the switching element S(2) is switched OFF, and then the switching element S(1 ) is switched 
ON, as shown in Figure 32(c) (S7 in Figure 81 ). Here, the capacitive load 311 accumulates energy of the potential V2, 
which is higher than the potential V1\ With this potential difference of V2-V1', which is VH/4+a, electric charge in 
accordance with a ratio of the capacitance C1 of the condenser C(1) to the capacitance Cd of the capacitive load 311 
moves from the capacitive load 31 1 to the condenser C(1 ), so as to charge the condenser C(1 ). With this, the potential 
of the condenser C(1 ) rises by an amount of electric charge flowing from the capacitive load 31 1 , whereas the potential 
of the capacitive load 311 falls as much as an amount of electric charge flowing into the condenser C(1). When the 
switching element S(1 ) is kept switched ON for a sufficiently long time, the condenser C(1 ) and the capacitive load 311 
have the same potential as a result of the energy transfer. Consequently, the potential of the condenser C(1 ) substan- 
tially returns to the original V1 = VH/4. Namely, energy is regenerated from the capacitive load 311 to the condenser 
C(1) (S7 in Figure 81). 

[0375] In an eighth step, the switching element S(1 ) is switched OFF, and then the switching element S(2) is switched 
ON, as shown in Figure 32(d). Here, the capacitive load 31 1 accumulates energy of the potential V1 ', which is higher 
than the ground potential'. With this potential difference of VV, which is the potential difference of VH/4+oc, electric 
charge of the capacitive load 311 flows out (is discharged) to the ground potential, namely, is consumed (discarded) 
(S8 in Figure 81). After this, the capacitive load drive circuit 301 resumes S1. 

[0376] As described above, in terms of energy during the first through eighth steps S1 through S8, the energy ac- 
cumulated in the condenser C(1) which is supplied into the capacitive load 311 in the first step S1 is regenerated by 
the energy sent back to the condenser C(1 ) from the capacitive load 311 in the seventh step S7. The energy supplied 
to the capacitive load 311 in the second step S2 is regenerated by the energy sent back to the condenser C(1) from 
the capacitive load 311 in the sixth step S6. The energy supplied to the capacitive load 311 in the third step S3 is 
regenerated by the energy sent back to the condenser C(1 ) from the capacitive load 311 in the fifth step S5. In summary, 
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during the first through eighth steps S1 through S8, energy is supplied to the capacitive load 311 in the fourth step S4, 
energy is consumed in the eighth step S8, and energy transfer in the remaining steps is respectively canceled out 
between paired steps (see Figure 33). Therefore, energy is not apparently supplied or consumed. As a result, consumed 
is only energy corresponding to 1 /4-VH equivalently. In other words, it is possible to charge and discharge the capacitive 
load 311 while consuming 25% of energy that is consumed in a method such as the Push-Pull method which consumes 
the voltage VH to charge and discharge the capacitive load. 

[0377] More specifically, the following will describe how the voltages change when the capacitive load drive circuit 
301 having four stages is used to generate a pulse whose crest value is 1 0 Vpp. When 1 0V is divided by four, 1 0V is 
divided into five potentials, namely 2.5V, 5.0V, and 7.5V of the respective potentials of the condensers C(1 ) through C 
(3), 0V of the ground potential, and 10V of the power supply potential, at a potential difference of 2.5V between each 
stage. Further, the capacitance of the condensers C(1) through C(3) is preferably larger than the capacitance of the 
capacitive load 311. To make the operation easily understandable, it is assumed here that the capacitance of the 
condensers C(1) through C(3) is four times greater than the capacitance of the capacitive load 311. Further, each of 
the switching elements S(0) through S(4) used in the system is generally a semiconductor switch such as a half-FET 
(field effect transistor) and a GTO thyristor. The semiconductor switch charges and discharges the capacitive load 311 
exponentially with a particular time constant, because the semiconductor switch has a considerable ON resistance. 
Accordingly, the relationship between (i) the time during which the switching elements S(0) through S(4) are ON and 
(ii) the time constant of charging and discharging the capacitive load 31 1 becomes important when forming a waveform. 
For simplicity, the calculation is performed here by assuming that the ON resistances of the switching elements S(0) 
through S(4) are very small, and the switching elements S(0) through S(4) are switched from one stage to another 
after a sufficiently long switching time to the degree that the influence of the ON resistances of the switching elements 
S(0) through S(4) are negligible in the system. Table 1 shows the results of the calculation. In Table 1 , Vd is the potential 
of the capacitive load 311, Vs_0 is the ground potential, Vs_n (n = 1 through 3) is the potential of the condenser C(n) 
at each stage, and Vs_4 is the power supply potential. 



TABLE 1 



Vs_4 


Vs_3 


Vs_2 


Vs_1 


Vs_0 


Vd 




10.0 


7.5 


5.0 


2.5 


0.0 


0.0 


INITIAL STATE (SO) 


10.0 


7.5 


5.0 


2.0 


0.0 


2.0 


AFTER THE FIRST 
STEP S1 


10.0 


7.5 


4.4 


2.0 


0.0 


4.4 


AFTER THE SECOND 
STEP S2 


10.0 


6.9 


4.4 


2.0 


0.0 


6.9 


AFTER THE THIRD 
STEP S3 


10.0 


6.9 


4.4 


2.0 


0.0 


10.0 


AFTER THE FOURTH 
STEP S4 


10.0 


7.5 


4.4 


2.0 


0.0 


7.5 


AFTER THE FIFTH 
STEP S5 


10.0 


7.5 


5.0 


2.0 


0.0 


5.0 


AFTER THE SIXTH 
STEP S6 


10.0 


7.5 


5.0 


2.5 


0.0 


2.5 


AFTER THE SEVENTH 
STEP S7 


10.0 


7.5 


5.0 


2.5 


0.0 


0.0 


AFTER THE EIGHTH 
STEP S8 



[0378] As can be seen from the results, the potential of each condenser decreases when each condenser supplies 
energy into the capacitive load. However, the potential of each condenser is restored when the capacitive load supplies 
energy back to each condenser. As a result, the electrical power is regenerated. 

[0379] As described above, the capacitive load drive circuit 301 of the present embodiment is arranged so as to 
include a power supply terminal 309a to which a power supply voltage VH is applied from an electrical power source 
309; a ground terminal C(0) (reference potential terminal) to which a ground potential (reference potential) is applied; 
three condensers C(1) through C(3) to which initial potentials V(1) through V(3) are respectively applied, the initial 
potentials V(1) through V(3) being different from one another and being between the ground potential and the power 
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supply voltage VH; and switching elements S(0) through S(4) for selectively connecting the capacitive load 311 with 
the ground terminal C(0), the condensers C(1) through C(3), and the power supply terminal 309a, the switching ele- 
ments S(0) through S(4) carrying out the steps of (i) connecting the capacitive load 311 with the ground terminal C(0) 
and then sequentially connecting the capacitive load 311 with the condensers C(1) through C(3) in an order of the 
initial potentials from the initial potential that is closest to the ground potential so as to change a terminal voltage of 
the capacitive load 311 toward the power supply potential VH (S1 through S3), (ii) selectively connecting the capacitive 
load 311 with the power supply terminal 309a so as to increase an absolute value of the terminal voltage of the capacitive 
load 311 (S4), and (iii) sequentially connecting the capacitive load 311 with the condensers C(1) through C(3) in an 
order of the initial potentials from the initial potential that is closest to the power supply potential VH so as to decrease 
the absolute value of the terminal voltage of the capacitive load 31 1 and so as to regenerate electrostatic energy to be 
accumulated in the condensers C(1 ) through C(3), the thus regenerated electrostatic energy being approximately equal 
to electrostatic energy as accumulated in the condensers C(1) through C(3) before the step (i) (S5 through S7), the 
steps (i) through (iii) being carried out in this order. 

[0380] Note that, the foregoing described the case where the number of the condensers to which initial potentials 
are respectively applied are three, the initial potentials being different from one another and being between the ground 
potential and the power supply voltage VH, and the number of steps of charging (or discharging) the capacitive load 
31 1 (which is smaller than the number of kinds of potentials of the switching elements S(0) through S(4) by one, and 
which is larger than the number of condensers by one; hereinafter referred to as "the number of stages") is four. 
[0381] However, the number of stages is not particularly limited, provided that the number of stages is two or more. 
Ideally, the regeneration efficiency improves as the number of stages increases. For example, the regeneration effi- 
ciency is 50% with two stages, the regeneration efficiency is 66.7% with three stages, the regeneration efficiency is 
75% with four stages, and the regeneration efficiency is 80% with five stages. However, as the number of stages 
increases, a rise time for the voltage becomes longer, and the number of required circuits becomes larger. Accordingly, 
the number of stages may be determined depending on a required waveform of the drive pulse, the size of the circuit, 
cost, and the like. Generally, the circuit is preferably arranged to have three to four stages when the voltage is required 
to rise quickly; whereas the circuit is preferably arranged to have four to five stages so as to reduce electrical power 
consumption. 

[0382] Further, the foregoing described the case where the power supply voltage VH is equally divided by four stages, 
but it is not necessary that the power supply voltage VH is equally divided. However, the capacitive load drive circuit 
301 of the present embodiment regenerates electrical power using the principle in which (A) energy which is reduced 
in the condenser (I) by supplying energy from the condenser C(l) (1=1 , 2, 3) to the capacitive load 31 1 whose potential 
is V(l-1) (where V(0)=0) (S1 through S3) is regenerated by supplying (B) energy to C(l) from the capacitive load 311 
whose potential is V(l) (where V(4) = VH) (S5 through S8). Accordingly, it is most preferable to equally divide the 
electrical power voltage VH, for ideally regenerating electrical power. 

[0383] Here, the time constant of the capacitive load 311 and the switching time of the condenser C(l) will be dis- 
cussed. 

[0384] In the circuit shown in Figure 54, first, it is assumed that the initial potential is applied to the condenser Cs, 
and the capacitive load Cd is discharged. Here, after the switch SW is turned ON, the voltage of the capacitive load 
Cd increases as time elapses, as shown in Figure 55. After a sufficient time, the potential difference between the 
capacitive load Cd and the condenser Cs is eliminated so that the current I becomes 0. This saturation voltage will be 
referred to as "attainment voltage" in the present specification. 

[0385] In the circuit shown in Figure 54, it is assumed that the switch is turned OFF after a particular time (switching 
time (Ts)). When the switching time (Ts) is shorter than the time constant (xo = R-Cd, where R is an DC resistive 
component of the charge or discharge path including the energy accumulating elements and the capacitive load, and 
Cd is the capacitance of the capacitive load), the voltage of the capacitive load Cd changes as shown in Figure 56(a). 
Accordingly, the voltage of the capacitive load Cd changes as shown in Figure 56(b) in the capacitive load drive circuit 
having three stages in accordance with the present invention. 

[0386] When the switching time (Ts) is equal to the time constant (to = R-Cd), the voltage of the capacitive load Cd 

changes as shown in Figure 57(a). Accordingly, the voltage of the capacitive load Cd changes as shown in Figure 57 

(b) in the capacitive load drive circuit having three stages in accordance with the present invention. 

[0387] When the switching time (Ts) is longer than the time constant (to = R-Cd), the voltage of the capacitive load 

Cd changes as shown in Figure 58(a). Accordingly, the voltage of the capacitive load Cd changes as shown in Figure 

58(b) in the capacitive load drive circuit having three stages in accordance with the present invention. 

[0388] The capacitive load drive circuit of the present invention preferably satisfies the following expression: 

to < Ts < 2.5-to (to = R-Cd), 
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where Cs is the capacitive component of the energy accumulating elements, Cd is the capacitance of the capac- 
itive load, R is a DC resistive component of the charge or discharge path including the energy accumulating elements 
and the capacitive load, and Ts is the time for switching the energy accumulating elements (switching time; a time to 
be kept connected to the capacitive load). When Ts < to, the crest value of the obtained pulse is not more than 63% 
of the attainment voltage, thereby lowering the efficiency in supplying energy to the capacitive load. When Ts > 2.5-xo, 
the switching time becomes extremely long. 

[EMBODIMENT 13] 

[0389] Next, the following will explain still another embodiment of the present invention with reference to Figures 34, 
35(a) to 35(f), 36, and 37. Note that, for convenience, members having the same functions as those used in Embodiment 
12 will be given the same reference symbols, and explanation thereof will be omitted here. 

[0390] A capacitive load drive circuit 302 of the present embodiment is different from the capacitive load drive circuit 
301 of Embodiment 12 in that a condenser C(N) is additionally provided between the electrical power source 309 and 
the switching element S(4) which is connected to the electrical power source 309, and the number of stages (number 
of condensers) is generalized. 

[0391] As shown in Figures 34 and 35, the capacitive load drive circuit 302 of the present embodiment is a pulse 
generating circuit which includes a ground terminal C(0) having a ground potential (reference potential) V(0) (=0); N 
condensers C(1) through C(N) (energy accumulating elements) having initial potentials V(1) through V(N) which are 
not 0 (N is a natural number not less than 2), the condenser C(N) connecting to an electrical power generating source 
(directly or via a circuit); a switching element S(0) (switching means) for connecting the capacitive load 311 with the 
ground terminal C(0) (reference potential terminal); and N switching elements S(1) through S(N) for selectively con- 
necting the capacitive load 311 with the condensers C(1 ) through C(N) (switching means), one of the N condensers C 
(1) through C(N) being a condenser C(l) (first energy accumulating element) having a first initial potential V(l) which 
is not 0, one of the N condensers C(1 ) through C(N) being a condenser C(l+1 ) (second energy accumulating element) 
having a second initial potential V(l+1 ) which has the same polarity as the initial potential V(l) and which has a larger 
absolute value than the initial potential V(l), the switching elements S(0) through S(N) (switching means) carrying out 
(i) a first charging step of selectively connecting the capacitive load 311 with the ground terminal or the condenser C 
(1-1) (ground terminal or third energy accumulating element) and then selectively connecting the capacitive load 311 
with the condenser C(l) so as to change a potential (terminal voltage) of the capacitive load 311 toward the initial 
potential of the condenser C(l); (ii) a second charging step of selectively connecting the capacitive load 311 with the 
condenser C(l+1 ) so as to increase an absolute value of the potential (terminal voltage) of the capacitive load 31 1 ; and 
(iii) a discharging step of selectively connecting the capacitive load 311 with the condenser C(l) so as to decrease the 
absolute value of the potential (terminal voltage) of the capacitive load 31 1 and so as to regenerate electrostatic energy 
to be accumulated in the condenser C(l), the thus regenerated electrostatic energy being approximately equal to elec- 
trostatic energy as accumulated in the condenser C(l) before the step (i), the steps (i) through (iii) being carried out in 
this order. Note that, the circuit for supplying initial electric charge is omitted in Figure 34. 

[0392] The operation of the above arrangement will be explained with reference to Figures 35(a) through 35(f). 
[0393] When generating a pulse, energy is consumed in such a manner that electric charge which moves from the 
condenser C(N) to the condenser C(N-1 ) is transferred toward the ground potential so as to be consumed at the ground 
terminal C(0). The cycle of Figure 35(a) through Figure 35(f) achieves the same effects as the cycle of the steps S1 
through S8 in Embodiment 12. In other words, by making (A) the electric charge flowing out of the condenser C(l) 
between Figures 35(a) and 35(b) to be approximately equal to (B) the electric charge flowing into the condenser C(l) 
between Figures 35(d) and 35(e), the condenser C(l) does not apparently consume energy during the cycle of Figures 
35(a) through 35(f). 

[0394] Thus, the capacitive load drive circuit may be arranged to carry out at least the cycle of Figures 35(a) through 
35(f), and use all of the N condensers C(1) through C(N) or a part of the N condensers C(1) through C(N). The con- 
densers may be appropriately used in accordance with a pulse to be generated. For example, all of the condensers C 
(1) through C(N) may be used to generate a pulse whose base potential is the ground potential and whose pulse 
amplitude is wide. Further, only a part of the condensers may be used to generate a pulse having a lower crest value 
than the power supply voltage VH or to generate a pulse whose base potential is not the ground potential. 
[0395] Therefore, the capacitive load drive circuit 302 of the present embodiment may be arranged so as to include 
a plurality of condensers C(1 ) through C(N) to which a plurality of different initial potentials V(1 ) through V(N) (N is a 
natural number not less than 2) are applied; and switching elements S(1) through S(N) for selectively connecting the 
capacitive load 31 1 with the condensers C(1 ) through C(N), one of the plurality of condensers C(1 ) through C(N) being 
a condenser C(l) having a first initial potential V(l) which is not 0, one of the plurality of condensers C(1 ) through C(N) 
being a condenser C(l+1) having a second initial potential V(l+1) which has a larger absolute value than the initial 
potential V(l), one of the plurality of condensers C(1) through C(N) being a condenser C(l-1) having a third initial 
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potential V(l-1) which has the same polarity as the first initial potential V(l) and which has a smaller absolute value 
than the first initial potential V(l), the switching elements S(0) through S(N) carrying out (i) a first charging step of 
selectively connecting the capacitive load 311 with the condenser C(l-1 ) and then selectively connecting the capacitive 
load 311 with the condenser C(l) so as to change a terminal voltage 311 of the capacitive load toward the first initial 
potential; (ii) a second charging step of selectively connecting the capacitive load 311 with the second initial potential 
V(l+1 ) and an energy accumulating element so as to increase an absolute value of the terminal voltage of the capacitive 
load 311, and (iii) a discharging step of selectively connecting the capacitive load 311 with the condenser C(l) so as 
to decrease the absolute value of the terminal voltage of the capacitive load 311 and so as to regenerate electrostatic 
energy to be accumulated in the first condenser C(l), the thus regenerated electrostatic energy being approximately 
equal to electrostatic energy as accumulated in the first condenser C(l) before the step (i), the steps (i) through (iii) 
being carried out in this order. 

[0396] Further, the initial potentials V(1) through V(N) may be positive or negative. A pulse as shown in Figure 36, 
for example, can be generated when the initial potentials V(1) through V(N) are positive. A pulse as shown in Figure 
37, for example, can be generated when the initial potentials V(1) through V(N) are negative. 

[0397] Note that, the capacitive load drive circuit can operate without the condenser C(N) which is connected to the 
electrical power source 309 in the present embodiment (the condenser C(N) is generally integrated in the electrical 
power source 309). 

[0398] Therefore, the capacitive load drive circuit 302 of the present embodiment may be arranged so as to include 
a power supply terminal (VH) to which a power supply potential VH is applied form an electrical power source 309; N 
condensers C(1 ) through C(N) to which a plurality of different initial potentials V(1 ) through V(N) (N is a natural number 
not less than 2) are applied; and switching elements S(1) through S(N) for selectively connecting the capacitive load 
311 with the condensers C(1) through C(N) and the power supply terminal (VH), the condensers C(1) through C(N) 
including a condenser C(l) having a first initial potential V(l) which has the same polarity as the power supply potential 
VH and which has a smaller absolute value than the power supply potential VH, and a condenser C(l-1 ) having a third 
initial potential V(l-1 ) which has the same polarity as the first initial potential V(l) and has a smaller absolute value than 
the first initial potential V(l), the switching elements S(0) through S(N) carrying out (i) a first charging step of selectively 
connecting the capacitive load 311 with the condenser C(l-1) and then selectively connecting the capacitive load 311 
with the condenser C(l) so as to change a terminal voltage of the capacitive load 311 toward the first initial potential V 
(I); (ii) a second charging step of selectively connecting the capacitive load 311 with the power supply terminal (VH) 
so as to increase an absolute value of the terminal voltage of the capacitive load 311, and (iii) a discharging step of 
selectively connecting the capacitive load 311 with the condenser C(l) so as to decrease the absolute value of the 
terminal voltage of the capacitive load 311 and so as to regenerate electrostatic energy to be accumulated in the 
condenser C(l), the thus regenerated electrostatic energy being approximately equal to electrostatic energy as accu- 
mulated in the condenser C(l) before the step (i), the steps (i) through (iii) being carried out in this order. 
[0399] Next, the following will discuss how to set the capacitive components of the condensers C(1) through C(3), 
the capacitance of the capacitive load 311, the switching time of the switching elements S(1) through S(3), and the 
resistance value of the charge and discharge paths, in the capacitive load drive circuit 301 having four stages as shown 
in Figure 30. It is considered to be desirable that the voltage of the capacitive load 311 reaches 90% of the attainment 
voltage (final voltage attained by the capacitive load 311 after repeating the first through third steps infinitely) during 
the first through third steps. Thus, the conditions for achieving this result will be discussed. 

[0400] First, it is assumed that a switching time of the switching element S(1 ) is a time of the first step, a switching 
time of the switching element S(2) is a time of the second step, and a switching time of the switching element S(3) is 
a time of the third step, which are all equivalent to one another. 

[0401] Here, the time constant xO (unit sec) for charging and discharging each of the condensers C(1) through C(3) 
is given by the following expression: 

x0 = R-Cd, 

where Cd (unit F) is the capacitance of the capacitive load 311, R (unit CI) is the resistance value of the charge 
and discharge paths of each of the condensers C(1) through C(3) with respect to the capacitive load 311. When Cs 
(unit F) is the capacitive component of the condensers C(1) through C(3), X is the load capacitance ratio Cd/Cs, and 
Ts (unit sec) is the switching time of the switching elements S(1) through S(3), the condition that causes the voltage 
of the capacitive load 311 to reach 90% of the attainment voltage during the first through third steps was obtained 
through theoretical calculation, as indicated by the solid line in Figure 82. Figure 82 shows the maximum load capac- 
itance ratio X (=Cd/Cs) that causes the voltage of the capacitive load 311 to be not less than 90% of the attainment 
voltage during the first through third steps, with respect to a ratio Ts/xO of the time constant xO to the switching time Ts. 
[0402] As shown in Figure 82, when Ts/xO < 2.5, the condition that causes the voltage of the capacitive load 311 to 
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reach 90% of the attainment voltage during the first through third steps is approximately equal to the following approx- 
imated curve. 

X = 0.164 (Ts/xO) 0 2198 

[0403] On the other hand, when Ts/xO > 2.5, the condition that causes the voltage of the capacitive load 31 1 to reach 
90% of the attainment voltage during the first through third steps is approximately equal to the following straight line. 

X = 0.2 

[0404] Consequently, the conditions that cause the voltage of the capacitive load 31 1 to reach 90% of the attainment 
voltage during the first through third steps are approximately expressed as follows: 

when Ts/(R-Cd) < 2.5, 
Cd/Cs < 0.164{Ts/(R-Cd)} 0 - 2198 ; 
when Ts/(R-Cd)> 2.5, 
Cd/Cs < 0.2. 

[0405] Therefore, when the foregoing conditions are satisfied, the capacitive load 31 1 can obtain not less than 90% 
of the attainment voltage during the first through third steps. When the above expressions are not satisfied, the voltages 
of the condensers C(1 ) through C(3) change more widely due to the electric charge flowing out of the condensers C 
(1) through C(3) to the capacitive load 311. As a result, the voltage of the capacitive load 311 does not reach 90% of 
the attainment voltage during the first through third steps. This deteriorates the power regeneration ratio in generating 
pulses, thereby preventing the energy-saving driving of the capacitive load drive circuit. Further, when the above ex- 
pressions are not satisfied, the voltages of C(1 ) through C(3) widely change when generating one pulse, requiring that 
the changes in the voltages be corrected before generating the next pulse. 

[0406] The foregoing described the examination of the conditions that cause the voltage of the capacitive load 311 
to reach 90% of the attainment voltage during the first through third steps. Another important aspect is to improve the 
energy regeneration ratio. 

[0407] In the capacitive load drive circuit 301 having four stages as shown in Figure 30, the time constant xO (unit 
sec) for charging and discharging each of the condensers C(1) through C(3) is given by the following expression: 

xO = R-Cd, 

where Cd (unit F) is the capacitance of the capacitive load 311, R (unit £1) is the resistance value of the charge and 
discharge paths of each of the condensers C(1) through C(3) with respect to the capacitive load 311. When Cs (unit 
F) is the capacitive component of the condensers C(1) through C(3), X is the load capacitance ratio Cd/Cs, and Ts 
(unit sec) is the switching time of the switching elements S(1 ) through S(3), theoretical calculation gave how an energy 
consumption ratio (equal to a value obtained by subtracting the energy regeneration ratio from 1 ) changes with respect 
to the ratio Ts/xO of the time constant xO to the switching time Ts when the load capacitance ratio X varies from 0.003 
to 0.3, as shown in Figure 85. 

[0408] Further, Figure 83 shows how the energy consumption ratio changes with respect to the ratio Ts/xO of the 
time constant xO to the switching time Ts when the load capacitance ratio X varies from 0.003 to 0.3 in a capacitive 
load drive circuit having two stages, which is different from the capacitive load drive circuit 301 of Figure 30 having 
four stages only in the number of stages. 

[0409] Further, Figure 84 shows how the energy consumption ratio changes with respect to the ratio Ts/xO of the 
time constant xO to the switching time Ts when the load capacitance ratio X varies from 0.003 to 0.3 in a capacitive 
load drive circuit having three stages, which is different from the capacitive load drive circuit 301 of Figure 30 having 
four stages only in the number of stages. 

[0410] Further, Figure 86 shows how the energy consumption ratio changes with respect to the ratio Ts/xO of the 
time constant xO to the switching time Ts when- the load capacitance ratio X varies from 0.003 to 0.3 in a capacitive 
load drive circuit having five stages, which is different from the capacitive load drive circuit 301 of Figure 30 having 
four stages only in the number of stages. 

[0411] Further, Figure 87 shows how the energy consumption ratio changes with respect to the ratio Ts/xO of the 
time constant xO to the switching time Ts when the load capacitance ratio X varies from 0.003 to 0.3 in a capacitive 
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load drive circuit having six stages, which is different from the capacitive load drive circuit 301 of Figure 30 having four 
stages only in the number of stages. Note that, when the load capacitance ratio X is 0.001 (which is not shown in 
Figures 83 through 87), the energy consumption ratio changes approximately in the same manner as in the case where 
the load capacitance ratio X is 0.003. 
5 [0412] These results revealed that, through the energy consumption ratio largely depends on Ts/xO, it is possible to 
sufficiently lower the energy consumption ratio in spite of the increase in the capacitance Cd of the capacitive load if 
the load capacitance ratio X satisfies the following expression. 



When the above expression is satisfied, it is possible to effectively supply the output voltages of the condensers to the 
capacitive load 311 without reducing the output voltages of the condensers. Further, when X < 0.01, it is possible to 
reduce changes in the drive voltage caused by unevenness and changes (temperature changes, and the like) in the 
15 capacitance of the condensers or capacitive load. This can realize highly reliable jetting-out operation, thereby stably 
operating the drive system (system driven by the capacitive load drive circuit) including the capacitive load 311. In 
contrast, when the above expression is not satisfied, the energy regeneration ratio lowers when the capacitance Cd 
of the capacitive load increases. 

[0413] Next, the conditions that achieve a good slew rate of a waveform of a pulse to be applied to the capacitive 
20 load (1 0% to 90%) (amount of voltage change when the pulse rises from a crest value of 1 0% to 90%, with respect to 
a time required for the pulse to rise from the crest value of 1 0% to 90%) will be discussed. 

[0414] In the capacitive load drive circuit 301 having four stages as shown in Figure 30, the time constant xO (unit 
sec) for charging and discharging each of the condensers C(1) through C(3) is given by the following expression: 

25 

xO = R-Cd, 

where Cd (unit F) is the capacitance of the capacitive load 311, R (unit O) is the resistance value of the charge and 
discharge paths of each of the condensers C(1 ) through C(3) with respect to the capacitive load 31 1 . Then, it is assumed 
30 that Cs (unit F) is the capacitive component of the condensers C(1 ) through C(3), Ts (unit sec) is the switching time of 
the switching elements S(1) through S(3), V (=3VH/4) is a final attainment voltage (voltage attained by the capacitive 
load 311 after charged by the condensers C(1) through C(3) for an infinite time), SR (unit V/|usec) is a slew rate (10% 
to 90%) of a waveform of a pulse to be applied to the capacitive load 311 , and: 

35 

x = Ts/xO. 

With this, theoretical calculation gave how a slew rate (1 0% to 90%) SR changes with respect to the ratio x = Ts/xO of 
the time constant xO to the switching time Ts when the load capacitance ratio X varies from 0.001 to 0.3, as shown in 
40 Figure 90. Note that, when the load capacitance ratio X is 0.003 to 0.03 (which is not shown in Figure 90), the slew 
rate (10% to 90%) SR changes approximately in the same manner as in the case where the load capacitance ratio X 
is 0.001. 

[0415] Further, Figure 88 shows how the slew rate (10% to 90%) SR changes with respect to the ratio x = Ts/xO of 
the time constant xO to the switching time Ts when the load capacitance ratio X varies from 0.001 to 0. 1 in a capacitive 
45 load drive circuit having two stages, which is different from the capacitive load drive circuit 301 having four stages of 
Figure 30 only in the number of stages. Note that, when the load capacitance ratio X is 0.003 (which is not shown in 
Figure 88), the slew rate (10% to 90%) SR changes approximately in the same manner as in the case where the load 
capacitance ratio X is 0.001 . 

[0416] Further, Figure 89 shows how the slew rate (10% to 90%) SR changes with respect to the ratio x = Ts/xO of 
50 the time constant xO to the switching time Ts when the load capacitance ratio X varies from 0.001 to 0.1 in a capacitive 
load drive circuit having three stages, which is different from the capacitive load drive circuit 301 having four stages of 
Figure 30 only in the number of stages. Note that, when the load capacitance ratio X is 0.003 to 0.01 (which is not 
shown in Figure 89), the slew rate (1 0% to 90%) SR changes approximately in the same manner as in the case where 
the load capacitance ratio X is 0.001. 
55 [0417] Further, Figure 91 shows how the slew rate (1 0% to 90%) SR changes with respect to the ratio x = Ts/xO of 
the time constant xO to the switching time Ts when the load capacitance ratio X varies from 0.003 to 0.3 in a capacitive 
load drive circuit having five stages, which is different from the capacitive load drive circuit 301 having four stages of 
Figure 30 only in the number of stages. Note that, when the load capacitance ratio X is 0.003 to 0.03 (which is not 
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shown in Figure 91 ), the slew rate (1 0% to 90%) SR changes approximately in the same manner as in the case where 
the load capacitance ratio X is 0.001. 

[0418] Further, Figure 92 shows how the slew rate (10% to 90%) SR changes with respect to the ratio x = Ts/xO of 
the time constant x0 to the switching time Ts when the load capacitance ratio X varies from 0.003 to 0.3 in a capacitive 
load drive circuit having six stages, which is different from the capacitive load drive circuit 301 having four stages of 
Figure 30 only in the number of stages. Note that, when the load capacitance ratio X is 0.003 to 0. 1 (which is not shown 
in Figure 92), the slew rate (10% to 90%) SR changes approximately in the same manner as in the case where the 
load capacitance ratio X is 0.001 . 

[0419] The foregoing results revealed that a limit value of the slew rate (10% to 90%) SR is given by the following 
expressions: 



when N = 2 (two stages), 

SR = V/(R-Cd) * (-0.0002y 4 + 0.001y 3 + 0.009y 2 - 0.100y + 0.386); 
when N = 3 (three stages), 

SR = V/(R-Cd) * (0.0008y 4 - 0.01 2y 3 + 0.071 y 2 - 0.229y + 0.414); 
when N = 4 (four stages), 

SR = V/(R-Cd) * (0.0023y 4 - 0.028y 3 + 0.1 38y 2 - 0.336y + 0.434); and 
when N > 5 (five or more stages), 

SR = V/(R-Cd) * (0.0026y 4 - 0.032y 3 + 0.1 53y 2 - 0.356y + 0.413), 



where N is the number of times each condenser repeats the step of charging within one cycle of the drive pulse 
(number of stages). Accordingly, the switching time and the number of stages can be set with reference to the above 
expressions, when designing the slew rate. 

[0420] Accordingly, circuit parameters and the switching time should satisfy the following expressions, in order to 
satisfy the slew rate SR required for the apparatus: 



when N = 2 (two stages), 

SR < V/(R-Cd) * (-0.0002y 4 + 0.001 y 3 + 0.009y 2 - 0.1 OOy + 0.386); 
when N = 3 (three stages), 

SR < V/(R-Cd) * (0.0008y 4 - 0.01 2y 3 + 0.071 y 2 - 0.229y + 0.414); 
when N = 4 (four stages), 

SR < V/(R-Cd) * (0.0023y 4 - 0.028y 3 + 0.138y 2 - 0.336y + 0.434); and 
when N > 5 (five or more stages), 

SR < V/(R-Cd) * (0.0026y 4 - 0.032y 3 + 0.1 53y 2 - 0.356y + 0.413). 



[0421] Further, the apparatus that requires a high slew rate more than 50 (V/jusec), such as the apparatus employing 
an ink-jet method, should satisfy the following conditions: 

when N = 2 (two stages), 

50(V/|tisec) < V/(R-Cd) * (-0.0002y 4 + 0.001 y 3 + 0.009y 2 - 0.1 OOy + 0.386); 
when N = 3 (three stages), 

50(V/|nsec) < V/(R-Cd) * (0.0008y 4 - 0.01 2y 3 + 0.071 y 2 - 0.229y + 0.414); 
when N = 4 (four stages), 

50(V/|nsec) < V/(R-Cd) * (0.0023y 4 - 0.028y 3 + 0.138y 2 - 0.336y + 0.434); and 
when N > 5 (five or more stages), 

50(V/jnsec) < V/(R-Cd) * (0.0026y 4 - 0.032y 3 + 0.1 53y 2 - 0.356y + 0.413). 

[0422] Further, the results shown in Figures 88 through 92 show that the slew rate of the waveform decreases as 
the number of stages in the circuit increases. 



[EMBODIMENT 14] 

[0423] Next, the following will explain yet another embodiment of the present invention with reference to Figures 38 
and 39. Note that, for convenience, members having the same functions as those used in foregoing Embodiments will 
be given the same reference symbols, and explanation thereof will be omitted here. 

[0424] As shown in Figure 38, a capacitive load drive circuit 303 of the present embodiment has the same arrange- 
ment as the capacitive load drive circuit 302 of Embodiment 1 3 except that a second electrical power source (reference 
power source, reference potential terminal, and DC power source) 31 9 having the same polarity as the electrical power 
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source 309, and a condenser C(0) are provided instead of the ground terminal C(0). In other words, the capacitive 
load drive circuit 303 of the present embodiment is provided with the first electrical power source 309 and the second 
electrical power source 31 9 which have the same polarity with each other, and generates a pulse of a voltage between 
the potential VH1 of the first electrical power source VH1 and the potential VH2 of the second electrical power source 
5 VH2. Here, the absolute value of the potential VH1 of the first electrical power source 309 is larger than the absolute 
value of the potential VH2 of the second electrical power source 319. Here, a circuit to supply initial electric charge is 
omitted in the drawing. 

[0425] With this arrangement, the capacitive load drive circuit carries out the operation as shown in Figures 35(a) 
through 35(f), as in Embodiment 1 3. Thus, by making (A) the electric charge flowing out of the condenser C(l) between 
10 Figures 35(a) and 35(b) to be approximately equal to (B) the electric charge flowing into the condenser C(l) between 
Figures 35(d) and 35(e), the condenser C(l) does not apparently consume energy during the cycle of Figures 35(a) 
through 35(f). 

[0426] When generating a pulse, energy is consumed in such a manner that the electric charge which moves from 
the condenser C(N) to the condenser C(N-1 ) is transferred toward the second electrical power source 31 9 so as to be 

15 consumed at the second electrical power source 31 9. 

[0427] Note that, the absolute value of the potential VH1 of the first electrical power source 309 may be smaller than 
the absolute value of the potential VH2 of the second electrical power source 319. In this case, when generating a 
pulse, energy is consumed in such a converse manner that the electric charge which moves from the condenser C(0) 
to the condenser C(1) is transferred toward the first electrical power source 309 so as to be consumed at the first 

20 electrical power source 309. 

[0428] Further, the capacitive load drive circuit can operate without the condenser C(N) which is connected to the 
first electrical power source 309 or the condenser C(0) which is connected to the second electrical power source 319 
(the condenser is generally integrated in the electrical power source). 

[0429] In this case, the first electrical power source 309 and the second electrical power source 31 9 can generate 
25 a pulse having a positive polarity as shown in Figure 39, for example, when the first electrical power source 309 and 
the second electrical power source 31 9 are positively-polarized power sources. Further, the first electrical power source 
309 and the second electrical power source 31 9 can generate a pulse having a negative polarity, which is obtained by 
reversing the polarity of the pulse having the positive polarity as shown in Figure 39, for example, when the first electrical 
power source 309 and the second electrical power source 319 are positively-polarized power sources. 

30 

[EMBODIMENT 15] 

[0430] Next, the following will explain still another embodiment of the present invention with reference to Figures 40 
and 41 . Note that, for convenience, members having the same functions as those used in foregoing Embodiments will 

35 be given the same reference symbols, and explanation thereof will be omitted here. 

[0431] As shown in Figure 40, a capacitive load drive circuit 304 of the present embodiment has the same arrange- 
ment as the capacitive load drive circuit 302 of Embodiment 1 3 except that a second electrical power source (reference 
power source, reference potential terminal) 319 whose polarity is reverse to the electrical power source 309, and a 
condenser C(0) are provided instead of the ground terminal C(0). In other words, the capacitive load drive circuit 304 

40 of the present embodiment is provided with the first electrical power source (power source or reference power source) 
309 and the second electrical power source (reference power source or power source) 329, which are power sources 
having opposite polarities from each other; and generates a pulse of a voltage between the potential VH1 of the first 
electrical power source VH1 and the potential VH2 of the second electrical power source VH2. In this case, the potential 
of the first electrical power source 309 has a positive (+) polarity, and the potential of the second electrical power source 

45 329 has a negative (-) polarity. Here, a circuit to supply initial electric charge is omitted in the drawing. 

[0432] The capacitive load drive circuit 304 of the present embodiment also carries out the operation as shown in 
Figures 35(a) through 35(f), as in Embodiment 1 3. Thus, by making (A) the electric charge flowing out of the condenser 
C(l) between Figures 35(a) and 35(b) to be approximately equal to (B) the electric charge flowing into the condenser 
C(l) between Figures 35(d) and 35(e), the condenser C(l) does not apparently consume energy during the cycle of 

50 Figures 35(a) through 35(f). 

[0433] When generating a positive pulse, energy is consumed in such a manner that the electric charge. which moves 
from the condenser C(N) to the condenser C(N-1 ) is transferred toward the second electrical power source 329 so as 
to be consumed at a positively-charged condenser that has a potential closest to the ground potential. On the other 
hand, when generating a negative pulse, energy is consumed in such a manner that the electric charge which moves 

55 from the condenser C(0) to the condenser C(1 ) is transferred toward the first electrical power source 309 so as to be 
consumed at a negatively-charged condenser that has a potential closest to the ground potential. When the first elec- 
trical power source 309 and the second electrical power source 329 have the same absolute value, in particular, power 
consumed at the condenser having the potential closest to the ground potential of the positive energy and power 
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consumed at the condenser having the potential closest to the ground potential of the negative energy are canceled 
out, thereby eliminating the need for an external circuit to consume electrical power. 

[0434] The capacitive load drive circuit 304 of the present embodiment can generate a pulse having a substantially 
sinusoidal waveform, as shown in Figure 41, for example, 

[EMBODIMENT 16] 

[0435] A capacitive load drive circuit of the present embodiment is arranged so that (A) the capacitive load drive 
circuit 302 of Embodiment 13 for generating a positive pulse, which includes a positively-polarized electrical power 
source 309P (power supply potential VH 1 ), and (B) the capacitive load drive circuit 303 of Embodiment 1 4 for gener- 
ating a negative pulse, which includes a second negatively-polarized electrical power source 319 (power supply po- 
tential VH2) and a first electrical power source 309M (power supply potential VH3), are connected in parallel. Here, a 
circuit to supply initial electric charge is omitted in the drawing. 

[0436] Here, when a condenser C(l-1)- of the capacitive load drive circuit 303 has an initial potential of V(l-1 )-, a 
condenser C(l)- of the capacitive load drive circuit 303 has an initial potential of V(l)-, a condenser C(l+1)- of the 
capacitive load drive circuit 303 has an initial potential of V(l+1 )-, a condenser C(l-1 )+ of the capacitive load drive circuit 
302 has an initial potential of V(l-1 )+, a condenser C(l)+ of the capacitive load drive circuit 302 has an initial potential 
of V(l)+, and a condenser C(l+1 )+ of the capacitive load drive circuit 302 has an initial potential of V(l+1)+, the following 
relationships are obtained. 

VH3 < - < V(l-1 )- < V(l)- < V(l+1 )- - < VH2 < 0 



0 < - < V(l-1)+ < V(l)+ < V(l-1)+ < - < VH1 

[0437] In this case, it is possible to generate a pulse as shown in Figure 43, for example. 
[EMBODIMENT 17] 

[0438] A capacitive load drive circuit of the present embodiment is arranged so that (A) the capacitive load drive 
circuit 303 of Embodiment 1 4 for generating a positive pulse, the capacitive load drive circuit 303 including the positively- 
polarized first electrical power source 309P (power supply potential VH1 ) and the second electrical power supply source 
319 (power supply potential VH2), and (B) the capacitive load drive circuit 304 of Embodiment 15 for generating a 
negative pulse, the capacitive load drive circuit 304 including the negatively-polarized first electrical power source 
309M (power supply potential VH3) are connected in parallel, as shown in Figure 44. The electrical power source 31 9 
(power supply potential VH2) is also used as the second electrical power source 329 in the capacitive load drive circuit 
304. Here, a circuit to supply initial electric charge to each condenser is omitted in the drawing. 
[0439] Here, when a condenser C(l-1)- of the capacitive load drive circuit 303 has an initial potential of V(l-1)-, a 
condenser C(l)- of the capacitive load drive circuit 303 has an initial potential of V(l)-, a condenser C(l+1)- of the 
capacitive load drive circuit 303 has an initial potential of V(l+1 )-, a condenser C(l-1 )+ of the capacitive load drive circuit 
304 has an initial potential of V(l-1 )+, a condenser C(l)+ of the capacitive load drive circuit 304 has an initial potential 
of V(l)+, and a condenser C(l+1 )+ of the capacitive load drive circuit 304 has an initial potential of V(l+1)+, the following 
relationships are obtained. 

VH3 < - < V(l-1 )- < V(l)- < V(l+1 )- - < 0 



0 < VH2 < V(0)+ < - < V(l-1)+ < V(l)+ < V(l-1 )+ < - < 
VH1 

[0440] The electrical power source 319 is provided at a stage closest to the ground potential, and has the function 
of absorbing electrical power so as to prevent the voltage drift. The power supply potential VH2 of the electrical power 
source 31 9 may be set depending on how the initial potentials of the condensers are set. In this case, it is possible to 
generate a pulse as shown in Figure 45, for example. 
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[EMBODIMENT 18] 

[0441 ] The capacitive load drive circuit of the present invention supplies to the capacitive load the electrostatic energy 
which is accumulated in the plurality of energy accumulating elements, so as to charge the capacitive load; and then 

5 collects the energy discharged from the capacitive load into the energy accumulating elements, so as to regenerate 
the electrostatic energy accumulated in the energy accumulating elements to have a potential approximately equal to 
the potential before the electrostatic energy is supplied to the capacitive load. However, since the energy is regenerated 
only for a limited time, the energy accumulating elements do not completely regain the original potential. Thus, when 
charging and discharging are repeated without further energy supply after an initial potential is applied, the voltage of 

10 each energy accumulating elementdrifts (phenomenon in which the voltage approaches an intermediate value between 
the highest potential and the lowest potential), as shown in Figure 68. Namely, an energy accumulating element having 
an initial potential higher than the intermediate value between the highest potential and the lowest potential insufficiently 
collects energy from the capacitive load, resulting in a gradual falling of the potential. On the other hand, an energy 
accumulating element having an initial potential lower than the intermediate value between the highest potential and 

15 the lowest potential excessively collects energy from the capacitive load, resulting in a gradual rising of the potential. 
[0442] Note that, Figure 68 is a view showing how the voltages of the condensers C(1) through C(5) change in a 
capacitive load drive circuit having the condensers C(1) through C(5), which is the capacitive load drive circuit 301 of 
Figure 30 whose number of stages is modified into six, in a case where the capacitive load 31 1 repeats charging and 
discharging without further energy supply after initial potentials are applied to the condensers C(1) through C(5), the 

20 initial potentials being prepared by dividing the power supply voltage into six. 

[0443] Thus, the capacitive load drive circuit 302 of Embodiment 1 3 is further provided with electrical power sources 
339(1) through 339(N-1) (DC power sources) corresponding to the condensers C(1) through C(N-1) other than the 
ground terminal C(0) and the condenser C(N) that is connected to the electrical power source 309, the electrical power 
sources 339(1 ) through 339(N-1 ) connecting to the condensers C(1 ) through C(N-1 ) via resistance circuits R(1 ) through 

25 R(N-1 ) so as to supply energy, thereby preventing the above-described voltage drift. 

[0444] As shown in Figure 47, the capacitive load drive circuit 302 of Embodiment 13 may be additionally provided 
with the electrical power sources 339(1) through 339(N-1) which are respectively connected to the condensers C(1) 
through C(N-1), and the resistors R(1) through R(N-1) which are respectively attached to the electrical power sources 
339(1 ) through 339(N-1 ). Alternatively, as shown in Figure 46, the capacitive load drive circuit 303 of Embodiment 1 4 

30 may be additionally provided with the electrical power sources 339(1) through 339(N-1) which are respectively con- 
nected to the condensers C(1 ) through C(N-1 ), and the resistors R(1 ) through R(N-1 ) which are respectively connected 
to the electrical power sources 339(1 ) through 339(N-1 ). With this arrangement of Figure 47, it is possible to generate 
a pulse as shown in Figure 48, for example. 

[0445] Here, the resistors R(1 ) through R(N-1 ) which are respectively provided between the electrical power sources 
35 339(1 ) through 339(N-1 ) and the condensers C(1 ) through C(N-1 ) are preferably arranged so that a time constant that 
is determined by the resistors R(1 ) through R(N-1 ) and the capacitive component of the condensers C(1 ) through C 
(N-1 ) is larger than the cycle of a drive pulse applied to the capacitive load 311 , by not less than 50 times. 
[0446] Namely, when the cycle of a drive pulse applied to the capacitive load 311 (see Figure 48) is a pulse generating 
cycle Tp, the capacitance of the condenser C(l) (i=1, — , 1-1, I, 1+1, N-1) is C(i), and the resistance value of the 
40 resistance R(i) provided between the electrical power source 339 and the condenser C(l) is R(i), the time constant x 
(i) of the condenser C(i) is given as follows. 

x(i) = C(i) x R(i) 

45 

Here, it is preferable that the time constant x(i) satisfies the following relation. 

Tp*10<x(i) = C(i) x R(i) 

50 

Further, it is more preferable that the time constant x(i) satisfies the following relation. 

Tp x 50 < x(i) = C(i) x R(i) 

55 

[0447] The following will explain the reasons for the above preferable ranges. 

[0448] When the electrical power sources 339(1 ) through 339(N-1 ) supply electrical power at excessively high speed, 
the electrical power sources 339(1) through 339(N-1) supply electrical power to the condensers C(1) through C(N-1) 
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before electrical power is regenerated by the circuit of the present invention, thereby deteriorating the efficiency in 
regenerating electrical power in the whole system. 

[0449] The time constant of supplying electrical power from the electrical power sources 339(1) through 339(N-1) 
should be larger than the time interval between energy is supplied to and regenerated from the capacitive load 311, 
by not less than 20 times, in order that not more than 5% of the electrical power is supplied from the electrical power 
sources 339(1) through 339(N-1) during a time interval between energy is supplied to and regenerated from the ca- 
pacitive load 311. Further, the time constant of supplying electrical power from the electrical power sources 339(1) 
through 339(N-1) should be larger than the time interval between energy is supplied to and regenerated from the 
capacitive load 31 1 , by not less than 1 00 times, in order that not more than 1 % of the electrical power is supplied from 
the electrical power sources 339(1 ) through 339(N-1 ) during a time interval between energy is supplied to and regen- 
erated from the capacitive load 311 . 

[0450] On the other hand, the longest time interval between supplying and regenerating energy is considered to be 
a half of the pulse generating cycle Tp. Thus, the time constant x(i) of supplying electrical power from the electrical 
power source 339(1 ) through 339(N-1 ) should be larger than the pulse generating cycle Tp by not less than 1 0 times 
so that the electrical power supplied from the electrical power sources 339(1) through 339(N-1) during a time interval 
between energy is supplied to and regenerated from the capacitive load 311 is reduced to be not more than 5%. The 
time constant x(i) of supplying electrical power from the electrical power sources 339(1) through 339(N-1) should be 
not less than 50 times the pulse generating cycle Tp so that the electrical power supplied from the electrical power 
sources 339(1) through 339(N-1) during a time interval between energy is supplied to and regenerated from the ca- 
pacitive load 311 is reduced to be not more than 1%. With this, the electrical power supplied from the electrical power 
sources 339(1 ) through 339(N-1 ) do not substantially affect the power regeneration. 

[0451] There is no clear limitation on the upper limit of x(i)/Tp, but the electrical power sources 339(1 ) through 339 
(N-1) do not supply energy when x(i)/Tp is too large. With this, the system cannot be stabilized when some reason 
causes the imbalance between energy supply and regeneration. Namely, the time constant x(i) of energy supply from 
the electrical power sources 339(1) through 339(N-1) is preferably as small as possible within a range that does not 
significantly affect the energy regeneration ratio. 
[0452] The following will further explain this point. 

[0453] As described above, the capacitive load drive circuit of the present embodiment for selectively connecting a 
plurality of condensers C(1 ) through C(N-1 ) so as to control a voltage applied to the capacitive load 311 is so arranged 
that the electrical power sources 339(1 ) through 339(N-1 ) supply energy to the condensers C(1 ) through C(N-1 ) so as 
to prevent the voltage drift caused by the fact that the condensers C(1) through C(N-1) charge and discharge the 
capacitive load 311 . 

[0454] Here, it is preferable that the capacitive load drive circuit is so arranged that a drive pulse having a predeter- 
mined cycle is applied to the capacitive load 311, a charging step of selectively connecting the capacitive load 311 to 
the condensers C(1 ) through C(N) so that the condensers C(1 ) through C(N) supply electrostatic energy to the capac- 
itive load 311, the charging step being repeated in a plurality of times within one cycle of the drive pulse, and the 
following relationship is satisfied: 

when N=2, 3 x Tp < Rs-Cs < 6 x Tp; 



when N=3, 3 x Tp < Rs-Cs < 7 x Tp; 



when N=4, 3 x Tp < Rs-Cs < 8 x Tp; 



when N>5, 3 x Tp < Rs-Cs < 10 x Tp, 

where Cs (unit F) is the capacitive component of the condensers C(1) through C(N-1), Tp (unit Sec) is a cycle 
of the drive pulse applied to the capacitive load 311, Rs is a resistance value of the energy supplying path from the 
electrical power sources 339(1) through 339(N-1) to the condensers C(1) through C(N-1) (first energy accumulating 
elements), and N is the number of repeating the charging steps within one cycle of the drive pulse (number of stages). 
[0455] The following effects can be obtained by satisfying the above relational expressions. Namely, when the above 
relationship is satisfied, it is possible to maintain the voltages of the condensers C(1 ) through C(N-1 ), without affecting 
the power collection when charging and discharging the capacitive load 311 which is a characteristic feature of the 
present invention. In contrast, when Rs-Cs is smaller than the above lower limit, the condensers C(1 ) through C(N-1 ) 



52 



EP 1 470 921 A1 



are supplied with energy from the electrical power sources 339(1 ) through 339(N-1 ) before electrical power is sufficiently 
regenerated, thereby deteriorating the efficiency in regenerating electrical power. On the other hand, when Rs-Cs is 
extremely larger than the above lower limit, the voltage drift of the condensers C(1) through C(N-1) become large, 
thereby deteriorating the efficiency in regenerating electrical power. The upper limit of Rs-Cs differs depending on the 
energy consumption in the capacitive load 311. In view of designing, Rs-Cs is preferably as small as possible provided 
that the above relationship is satisfied. 

[0456] Next, Figure 49 shows an example of a capacitive load drive circuit of the present embodiment, which is 
designed to satisfy the above relationship. In this example, the number of stages (=N-1 ) of the condensers C(1 ) through 
C(N-1), which are respectively connected to the electrical power sources 339(1) through C(N-1) for preventing the 
voltage drift, is modified to three (N=4) in the capacitive load drive circuit of Figure 46. Further, an equivalent ON resistor 
of the switching element S(N) is referred to as R here. 

[0457] Further, it is assumed here that the capacitance (equivalent capacitance of an ink jetting-out element (PZT) 
of an ink-jet printer) Cd of the capacitive load 311 is InF, the capacitances C(1) through C(3) of the condensers C(1) 
through C(3) are 1 0nF (set to be 1 0 times as Cd), the equivalent ON resistor R of the switching element S(N) is 1 0£2, 
the power supply voltage VH of the electrical power source 309 is 1 0V, the power supply voltage V(3) of the electrical 
power source 339(3) is 7.5V, the power supply voltage V(2) of the electrical power source 339(2) is 5.0 V, the power 
supply voltage V(1) of the electrical power source 339(1) is 2.5 V, the pulse generating cycle Tp is 1msec, and 

R(1) = R(2) = R(3) = 400kft. 

[0458] Accordingly, the time constant of charging and discharging the capacitive load 311 is expressed as follows. 

R x Cd = 10nSec 

This is sufficiently shorter than the pulse generating cycle Tp. In this case, the right side of the relational expression 
Rs-Cs < 8 x Tp when the number of stages is four is as follows: 

8 x Tp = 8mSec. 

The left side of the relational expression Rs-Cs < 8 x Tp when the number of stages is four is as follows: 

Cs x Rs = 400 WCl x 10nF = 4mSec. 
Accordingly, the relational expression Rs-Cs < 8 x Tp when the number of stages is four is expressed as follows: 

4mSec < 8mSec, 

which is now satisfied. Thus, in this case, energy supply from the electrical power sources can prevent the voltage drift 
of the energy accumulating element Cs due to the application of a voltage pulse to the capacitive load 311. Further, 
the examination of the relational expression 3 x Tp < Rs-Cs revealed that it is possible to reduce the voltage drift in 
the exponential manner to be not more than 5%, by satisfying the relational expression, namely by setting the time 
constant to be three or more times the pulse cycle. Therefore, it is necessary that the relational expression be satisfied 
to fully improve the stability and regeneration efficiency of the circuit. 

[EMBODIMENT 19] 

[0459] A matrix display apparatus is provided with a display element array (display element) 340, a column selecting 
drive circuit 341 , a row selecting drive circuit 342, and an electrical power source 349 which supplies electrical power 
to the row selecting drive circuit 342. Selection with respect to the display element array 340 is carried out by the row 
selecting drive circuit (drive circuit) 342 and the column selecting drive circuit (drive circuit) 341. A specified pulse is 
applied to the display element array-340. The display element array here refers to a liquid crystal display element array, 
a discharge display (plasma display), an EL element array, and the like. Here, the capacitive load drive circuit of the 
present invention is used as a column pulse generating circuit that supplies a column pulse to the column selecting 
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drive circuit 341 , so as to generate the column pulse and collect electrical power from the display element array. Figure 
59 shows the case where the capacitive load drive circuit 305 of Embodiment 1 8 is used as the column pulse generating 
circuit (including an electrical power regenerating circuit), but the arrangement of the capacitive load drive circuit is not 
particularly limited. 

5 [0460] Note that, when the row selecting drive circuit 342 requires a pulse generating apparatus, the capacitive load 
drive circuit of the present invention may be used instead of the electrical power source 349. 

[EMBODIMENT 20] 

w [0461] Figure 60 shows an application example where the capacitive load drive circuit of the present invention is 
used as a DC-AC converter which generates an AC voltage from a single voltage which is supplied from a DC power 
source. 

[0462] As shown in Figure 60, the DC-AC converter is provided with a capacitive load drive circuit 601 of the present 
invention, a reverse voltage generating circuit 602 which generates a voltage whose polarity is reverse to a polarity of 
15 the voltage from a DC power source (not shown), and a voltage doubling circuit (double voltage generating circuit) 603 
which generates a plurality of voltages. The capacitive load drive circuit 601 has a function to generate an AC voltage 
while collecting electrical power. The DC-AC converter is arranged by combining the usual reverse voltage generating 
circuit 602 and voltage doubling circuit 603. 

[0463] The operation of the DC-AC converter shown in Figure 60 will be explained using symbols as described in 
20 Figure 60. 

(1) The voltage V is always applied to the terminal A. Further, the voltage V is applied to the condenser C2. 

(2) Next, the switching elements S1, S3, S4, S5, S9, and S10 are switched ON so as to charge the condensers 
C1 , C4, C5, and C6 to the voltage V. 

25 (3) The switching elements S1, S3, S4, S5, S9, and S10 are switched OFF and then the switching elements S2, 

S6, S7, S8, S1 1 , and S1 2, are switched ON, so as to charge the condensers C3, C7, C8, and C9 to the voltage V. 
(4) The switching elements S2, S6, S7, S8, S11 , and S12 are switched OFF, and then the switching elements S14, 
S16, S17, and S19 are switched ON. With this, the condensers C4, C5, C6, C7, C8, and C9 are all connected in 
series, so as to generate voltages of 3V, 2V, V, -V, -2V, and -3V. The ground terminal GND is located at their center. 

30 (5) The switching elements S15, S13, S18, and S20 where the voltages of 2V, 3V, -2V, and -3V are respectively 

generated are switched ON so that C1 0, C12, C11 , and C13 respectively accumulate the voltages of 2V, 3V, -2V, 
and -3V. With this, each of the voltages is taken out to the outside. 

[0464] In sum, the DC-AC converter generates voltages by (i) connecting the condensers C4, C5, C6, C7, C8, and 
35 C9 in parallel with respect to the terminal A having the voltage V, so as to charge the condensers C4, C5, C6, C7, C8, 
and C9 to the voltage V, and then (ii) reconnecting the condensers C4, C5, C6, C7, C8, and C9 in series. 

[EMBODIMENT 21] 

40 [0465] An ink-jet printer may use a record head of a shearing mode which uses a known piezoelectric material such 
as ceramic (Tokukaisho 63-247051 , for example). The following will explain the arrangement and function of a record 
head which is used for an ink-jet printer of the shearing mode. 

[0466] Figure 61 is a plan view showing a part of the record head which is seen from a recording medium, and Figure 
62 is a longitudinal cross-sectional view of the record head. 
45 [0467] As shown in Figure 61 , a record head 1 1 00 is provided with a piezoelectric material 200, a top plate 300, and 
a plurality of ink chambers 400. 

[0468] The piezoelectric material 200 is formed in a comb-teeth shape, and each of the ink chambers 400 is inlaid 
into a gap between each tooth. 

[0469] The ink chamber 400 is provided with drive electrodes 500 which are respectively formed on both side faces, 
50 and a jetting-out nozzle 600. This ink-jet printer generates an electric field between the drive electrodes 500 which are 
respectively provided in adjacent ink chambers 400, so as to jet out ink through the jetting-out nozzle 600. The details 
will be described later. 

[0470] The top plate 300 inlays the plurality of ink chambers 400 into the piezoelectric material 200, and is provided 
with connecting electrodes made of conductive resin. 
55 [0471 ] Further, as shown in Figure 62, ink is stored in an ink tank 700 in the record head 1 1 00, and jetted out through 
the jetting-out nozzle in a manner to be described later via a common ink path 800 connected to the jetting-out nozzles 
600 in the plurality of ink chambers 400. 

[0472] Next, states how the ink-jet printer of the shearing mode jets out ink will be explained. Note that, adjacent 
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three ink chambers are respectively referred to as A channel, B channel, and C channel in the following explanation. 
Further, the following explanation will deal with a case where the ink chamber of the B channel jets out ink, but the 
same applies to cases where the ink chamber of the A channel or C channel jets out ink. 

[0473] The record head 1 1 00 is so arranged that the capacitive load drive circuits of Embodiments 5, 5A, .6, 6A drive 

5 the drive electrodes 500 (capacitive load) in the ink chambers of the A channel, B channel, and C channel. 

[0474] As shown in Figure 63(a), in a normal state where ink is not jetted out, an electric field is not applied to any 
of the ink chambers of the A channel, B channel, and C channel. Further, the piezoelectric material is polarized in a 
direction parallel to the surface of the drive electrode, namely in a direction orthogonal to the drive electric field. 
[0475] Then, as shown in Figure 64, a jetting-out pulse is supplied to the drive electrodes 500 in the ink chamber of 

10 the B channel. On the other hand, a jetting-out pulse is not supplied to the ink chambers of the A channel and B channel. 
[0476] This generates an electric field from the -drive electrodes 500 in the ink chamber of the B channel respectively 
toward the drive electrodes 500 in the ink chambers of the A channel and C channel. The piezoelectric material tries 
to move in accordance with the direction of this electric field. As a result, side walls of the ink chamber of the B channel 
expand, as shown in Figure 63(b). 

15 [0477] Then, as shown in Figure 64, a common pulse is supplied to the drive electrodes 500 in the ink chambers of 
the A channel and C channel. This generates an electric field from the drive electrodes 500 in the ink chambers of the 
A channel and C channel respectively toward the drive electrodes 500 in the ink chamber of the B channel. As a result, 
the side walls of the ink chamber of the B channel contract so as to reduce the volume of the ink chamber of the B 
channel, as shown in Figure 63(c). With this, ink is jetted out through the jetting-out nozzle of the ink chamber of the 

20 B channel. 

[0478] Note that, when no channel jets out ink, a common pulse is supplied to the drive electrodes 500 in the ink 
chambers of the A channel and C channel, and a non-jetting-out pulse which has the same potential as the common 
pulse is supplied to the drive electrodes 500 in the ink chamber of the B channel. With this, the drive electrodes 500 
in the ink chambers of the A through C channels have the same potential, so as to generate no electric field between 
25 each drive electrode 500. Accordingly, the side walls of the ink chambers of any channel do not expand or contract. 
Here, ink is not jetted out. 

[0479] As described above, the record head 1100 realizes printing operation by repeating the sequential switching 
of the jetting-out channels A through C so as to jet out ink, namely by three-phase driving. 

[0480] Further, a time AL for supplying the jetting-out pulse, and a time AL' for supplying the common pulse are 
30 determined by the following expression (1 ). 

AL (or AL') = length of the ink chamber / speed of 
35 sound in ink (1) 

[0481] Therefore, when the ink chambers of the three channels have the same length, the following relation is ob- 
tained. 

40 

AL' = 2AL 

Note that, in a typical ink-jet printer, obtained is about AL = 2jis. 
45 [EMBODIMENT 22] 

[0482] Next, the following will explain an embodiment of an ink-jet printer which performs printing by jetting out ink 
onto a recording medium, and is improved in the jetting-out operation during the recovering operation, thereby being 
capable of carrying out printing in higher definition and at higher speed than the ink-jet printer of Embodiment 21 . 
so [0483] As shown in Figure 65, an ink-jet printer 1 001 is provided with a paper feeding section (paper feeding device) 
1002, a separating section 1003, a conveying section 1004, a printing section (character-printing section) 1005, and 
a delivering-out section 1006. 

[0484] The paper feeding section 1 002 supplies a sheet P when printing, and is composed of a paper feeding tray 
1007 and a pickup roller (not shown). When the printing is not carried out, the paper feeding section 1002 stores the 
55 sheet P. 

[0485] The separating section 1 003 separately supplies to the printing section 1 005 a sheet P which is supplied from 
the paper feeding section 1 002. The separating section 1 003 is provided with a paper feeding roller 1 008 and a sep- 
arating device 1 009. The separating device 1 009 is set so that friction between a pad portion thereof (portion contacting 
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sheet) and sheet is more than friction between sheets. Further, the paper feeding roller 1008 is set so that friction 
between the paper feeding roller 1 008 and sheet is more than the friction between the pad and sheet, and the friction 
between sheets. Thus, even when two sheets are sent to the separating section 1003, the paper feeding roller 1008 
can separate these two sheets so as to send only the upper sheet to the conveying section 1004. 

5 [0486] The conveying section 1004 conveys to the printing section 1005 the sheet P which is supplied one by one 
from the separating section 1 003. The conveying section 1 004 is composed of a guide plate 1 01 0 and a pair of rollers 
1 01 1 (conveying mechanism). The pair of rollers 1 01 1 adjusts the conveying of the sheet P when conveying the sheet 
P into a space between a record head 1 1 00 and a platen 1 01 3 so that ink from the record head 1 1 00 is sprayed on an 
appropriate portion of the sheet P. 

w [0487] The printing section 1 005 prints on the sheet P which is supplied from the pair of rollers 1011 of the conveying 
section 4. The printing section 1 005 is composed of the record head 1 1 00 (print head), a carriage 1 01 4 on which the 
record head 1 1 00 is mounted, a guide shaft 1 01 5 which guides the carriage 1 01 4 (see Figure 66), and the platen 1 013 
which is a base plate for the sheet P upon printing. 

[0488] The delivering-out section 1 006 delivers the printed sheet P to the outside of the ink-jet printer 1 001 , and is 
15 composed of an ink drying section (not shown), a delivering-out roller 1 01 6, and a delivering-out tray 1 01 7. 

[0489] With this arrangement, the ink-jet printer 1001 performs printing in such a manner as described below. 

[0490] First, based on image information, a computer, etc. (not shown) sends request for printing to the ink-jet printer 

1001. The ink-jet printer 1001 which receives the request for printing carries the sheet P on the paper feeding tray 

1 007 out of the paper feeding section 1 002 using the pick-up roller. 
20 [0491 ] Next, the carried-out sheet P is passed through the separating section 1 003 and sent to the conveying section 

1 004 by the paper feeding roller 1 008. At the conveying section 1 004, the pair of rollers 1 01 1 sends the sheet P into 

a space between the record head 1012 and the platen 1013. 

[0492] Then, at the printing section 1005, the jetting-out nozzle of the record head 1012 sprays ink onto the sheet 
P on the platen 1013 in accordance with image information. Here, the sheet P is temporally stopped on the platen 
25 1013. While spraying ink, the carriage 1014 sweeps for one line in a main scanning direction D2, guided by the guide 
shaft 1015. Then, the sheet P is moved for a certain width on the platen 1013 in a sub scanning direction D1. The 
printing section 1 005 keeps carrying out this operation in accordance with image information. With this, the entire sheet 
P is subject to printing. 

[0493] The printed sheet P passes through the ink drying section, and is delivered to the delivering-out tray 1 01 7 by 
30 the delivering-out roller 1016. Then, the sheet P is supplied to a user as a printed product. 

[0494] Next, the control system of the ink-jet printer 1 001 of the present embodiment will be explained. 

[0495] As shown in Figure 67, a control section 1 01 8 of the ink-jet printer 1 001 is provided with an interface section 

1019, a memory 1020, an image processing section 1021, and a drive system control section 1022. 

[0496] The interface section 1 01 9 is a circuit for exchanging signals between (A) an external apparatus and (B) the 
35 image processing section 1021 and the drive system control section 1022. 

[0497] The image processing section 1021 performs image processing in accordance with image information sent 

from the interface section 1019. Further, the image processing section 1021 is connected to a head drive circuit 1023 

which controls the driving of the record head 1100. 

[0498] The drive system control section 1 022 controls the driving of the carriage 1014 and the conveying of the sheet 
40 p. More specifically, the drive system control section 1 022 is connected to a carriage drive circuit 1 024 which controls 
the driving of a carriage motor, and a paper conveying drive circuit 1025 which controls the driving of a paper conveying 
motor. 

[0499] With this arrangement, the ink-jet printer drives the record head 1 1 00, the carriage 1 01 4, the paper conveying 
motor, and the like, so as to perform the printing operation. 
45 [0500] Next, the ink jetting-out operation of the record head 1 1 00, in which the present embodiment is characterized, 
will be explained. 

[0501] The record head 1100 is used for an ink-jet printer of the shearing mode which is provided with the piezoelectric 

material 200, the top plate 300, the plurality of ink chambers 400, and the drive electrodes 500. 

[0502] In jetting-out operation for printing, the plurality of ink chambers 400 are three-phase driven in such a manner 

50 that three adjacent ink chambers are separated into A channel, B channel, and C channel. The record head 1 1 00 is 
so arranged that the drive electrodes 500 (capacitive load) in the ink chambers of the A channel, B channel, and C 
channel are driven by the capacitive load drive circuits of Embodiment 5, 5A, 6, and 6A. This is the three-phase driving 
which is explained in detail with reference to Figures 63 and 64, thus explanation thereof is omitted here. 
[0503] As described above, a capacitive load drive circuit of the present invention is arranged so as to include a 

55 plurality of energy accumulating elements for dividedly accumulating electrostatic energy supplied from a power source; 
and switching means for selectively connecting the capacitive load and the plurality of energy accumulating elements, 
(A) when charging the capacitive load, the switching means selectively connecting the capacitive load and the plurality 
of energy accumulating elements so that the plurality of energy accumulating elements sequentially supply electrostatic 



56 



EP 1 470 921 A1 



energy to the capacitive load, and (B) when discharging the capacitive load, the switching means selectively connecting 
the capacitive load and the plurality of energy accumulating elements so that the plurality of energy accumulating 
elements sequentially collect electrostatic energy from the capacitive load. 

[0504] With this arrangement, the plurality of energy accumulating elements sequentially supply electrostatic energy 
to the capacitive load when charging, whereas the plurality of energy accumulating elements sequentially collect elec- 
trostatic energy from the capacitive load when discharging. Accordingly, the system only consumes energy for an 
amount of uncollected electrostatic energy, thereby collecting and reusing energy highly efficiently. Further, the above 
capacitive load drive circuit is so arranged that the electrostatic energy accumulated in the energy accumulating ele- 
ments is directly collected, thereby only requiring a simple circuit configuration. Therefore, the foregoing arrangement 
has a simple circuit configuration and is capable of efficiently collecting and reusing energy accumulated in the capac- 
itive load so as to reduce electrical power consumption. 

[0505] As described above, a capacitive load drive circuit of the present invention is arranged so as to include a 
plurality of energy accumulating elements to which a plurality of different initial potentials are respectively applied; a 
reference potential terminal to which either a reference power supply potential from a power source or a ground potential 
is applied as a reference potential; and switching means for selectively connecting (A) the energy accumulating ele- 
ments and the reference potential terminal with (B) the capacitive load, one of the plurality of energy accumulating 
elements being a first energy accumulating element having a first initial potential which is not 0, one of the plurality of 
energy accumulating elements being a second energy accumulating element having a second initial potential whose 
polarity is the same as a polarity of the first initial potential and whose absolute value is larger than an absolute value 
of the first initial potential, the reference potential being either (a) the ground potential, (b) a potential which has the 
same polarity as the first initial potential supplied from a reference power source and which has a smaller absolute 
value than the first initial potential, or (c) a potential whose polarity is reverse to the polarity of the first initial potential 
supplied form the power source, the switching means carrying out (i) a first charging step of selectively connecting the 
capacitive load with the reference potential terminal and then selectively connecting the capacitive load with the first 
energy accumulating element so as to change, toward the first initial potential, a terminal voltage of the capacitive load, 
(ii) a second charging step of selectively connecting the capacitive load with the second energy accumulating element 
so as to increase an absolute value of the terminal voltage of the capacitive load, and (iii) adischarging step of selectively 
connecting the capacitive load with the first energy accumulating element so as to decrease the absolute value of the 
terminal voltage of the capacitive load and so as to regenerate electrostatic energy to be accumulated in the first energy 
accumulating element, the thus regenerated electrostatic energy being approximately equal to electrostatic energy as 
accumulated in the first energy accumulating element before the step (i), the steps (i) through (iii) being carried out in 
this order. 

[0506] As described above, a capacitive load drive circuit of the present invention for charging and discharging a 
capacitive load is arranged so as to include a power supply terminal to which a power supply potential from a power 
source is applied; a plurality of energy accumulating elements to which a plurality of different initial potentials are 
respectively applied; and switching means for selectively connecting (A) the energy accumulating elements and the 
power supply terminal with (B) the capacitive load, one of the plurality of energy accumulating elements being a first 
energy accumulating element having a first initial potential whose polarity is the same as a polarity of the power supply 
potential and whose absolute value is smaller than an absolute value of the power supply potential, one of the plurality 
of energy accumulating elements being a third energy accumulating element having either (a) a potential whose polarity 
is the same as the polarity of the first initial potential and whose absolute value is smaller than the absolute value of 
the first initial potential, (b) a ground potential, or (c) a third initial potential whose polarity is reverse to the polarity of 
the first initial potential, the switching means carrying out (i) a first charging step of selectively connecting the capacitive 
load with the third energy accumulating element and then selectively connecting the capacitive load with the first energy 
accumulating element so as to change, toward the first initial potential, a terminal voltage of the capacitive load, (ii) a 
second charging step of selectively connecting the capacitive load with the power supply terminal so as to increase 
an absolute value of the terminal voltage of the capacitive load, and (iii) a discharging step of selectively connecting 
the capacitive load with the first energy accumulating element so as to decrease the absolute value of the terminal 
voltage of the capacitive load and so as to regenerate electrostatic energy to be accumulated in the first energy accu- 
mulating element, the thus regenerated electrostatic energy being approximately equal to electrostatic energy as ac- 
cumulated in the first energy accumulating element before the step (i), the steps (i) through (iii) being carried out in 
this order. 

[0507] As described above, a capacitive load drive circuit of the present invention for charging and discharging a 
capacitive load is arranged so as to include a plurality of energy accumulating elements to which a plurality of different 
initial potentials are respectively applied; and switching means for selectively connecting the plurality of energy accu- 
mulating elements with the capacitive load, one of the plurality of energy accumulating elements being a first energy 
accumulating element having a first initial potential which is not 0, one of the plurality of energy accumulating elements 
being a second energy accumulating element whose absolute value is larger than an absolute value of the first initial 
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potential, one of the plurality of energy accumulating elements being a third energy accumulating element having either 
a potential whose polarity is the same as a polarity of the first initial potential and whose absolute value is smaller than 
the absolute value of the first initial potential, a ground potential, or a third initial potential whose polarity is reverse to 
the polarity of the first initial potential, the switching means carrying out (i) a first charging step of selectively connecting 
the capacitive load with the third energy accumulating element and then selectively connecting the capacitive load with 
the first energy accumulating element so as to change, toward the first initial potential, a terminal voltage of the ca- 
pacitive load, (ii) a second charging step of selectively connecting the capacitive load with the second energy accu- 
mulating element so as to increase an absolute value of the terminal voltage of the capacitive load, and (iii) a discharging 
step of selectively connecting the capacitive load with the first energy accumulating element so as to decrease the 
absolute value of the terminal voltage of the capacitive load and so as to regenerate electrostatic energy to be accu- 
mulated in the first energy accumulating element, the thus regenerated electrostatic energy being approximately equal 
to electrostatic energy as accumulated in the first energy accumulating element before the step (i), the steps (i) through 
(iii) being carried out in this order. 

[0508] As described above, a capacitive load drive circuit of the present invention for charging and discharging a 
capacitive load is arranged so as to include a power supply terminal to which a power supply potential from a power 
source is applied; a reference potential terminal to which either a reference power supply potential that is different from 
the power supply potential supplied from the power source or a ground potential is applied as a reference potential; a 
plurality of first energy accumulating elements to which initial potentials are respectively applied, the initial potentials 
being different from one another and being between the reference potential and the power supply potential; and switch- 
ing means for selectively connecting (A) the reference potential terminal, the plurality of energy accumulating elements, 
and the power supply terminal with (B) the capacitive load, the switching means carrying out the steps of (I) connecting 
the capacitive load with the reference potential terminal and then sequentially connecting the capacitive load with the 
first energy accumulating elements in an order of the initial potentials from the initial potential closest to the reference 
potential, so as to change, toward the power supply potential, a terminal voltage of the capacitive load, (2) selectively 
connecting the capacitive load with the power supply terminal so as to increase an absolute value of the terminal 
voltage of the capacitive load, and (3) selectively connecting the capacitive load with the first energy accumulating 
elements in an order of the initial potentials from the initial potential closest to the power supply potential, so as to 
decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate electrostatic energy 
to be accumulated in the first energy accumulating elements, the thus regenerated electrostatic energy being approx- 
imately equal to electrostatic energy as accumulated in the first energy accumulating elements before the step (1 ), the 
steps (1) through (3) being carried out in this order. 

[0509] With these arrangements, when decreasing the absolute value of the terminal voltage of the capacitive load 
so as to discharge the capacitive load, it is possible to regenerate electrostatic energy accumulated in the first energy 
accumulating elements to be approximately equal to electrostatic energy as accumulated in the first energy accumu- 
lating elements before supplying energy to the capacitive load. Therefore, the first energy accumulating elements do 
not apparently consume energy, thereby regenerating electrical power highly efficiently. 
[0510] Further, it is preferable that each of the energy accumulating elements is a condenser. 
[0511] With this arrangement, by using the condenser which has a smaller internal resistance than a secondary 
battery, etc., it is possible to collect and reuse electrostatic energy highly efficiently. Further, by using the condenser 
which is not much degraded even after repeating charging and discharging many times and thus has a long life, it is 
possible to achieve a long-period use. Further, by using the condenser which has excellent frequency characteristics, 
it is possible to collect electrostatic energy efficiently when driving a pulse of about 1 0 |wm. 

[0512] Further, the capacitive load drive circuit of the present invention may be arranged so as to further include an 
energy output path which is connected to a part of the energy accumulating elements, the energy output path supplying 
to an external element other than the capacitive load the electrostatic energy that the energy accumulating element 
collects from the capacitive load. 

[0513] With this arrangement, electrostatic energy collected to the energy accumulating elements can be used by 
an external element other than the capacitive load from which the electrostatic energy is collected, thereby efficiently 
reusing the electrostatic energy collected to the energy accumulating elements. 

[0514] It is preferable that the plurality of energy accumulating elements respectively have terminal voltages which 
are different from one another; and (A) when charging the capacitive load, the switching means sequentially connects 
the capacitive load with the energy accumulating elements in an ascending order of absolute values of the terminal 
voltages and (B) when discharging the capacitive load, the switching means sequentially connects the capacitive load 
with the energy accumulating elements in a descending order of the absolute values of the terminal voltages. 
[0515] With this arrangement, the energy accumulating elements are selectively connected sequentially in order of 
size of their terminal voltages. Because of this, an inrush current supplied to the energy accumulating elements and 
to the capacitive load is kept low, thereby reducing energy loss. As a result, it is possible to further reduce electrical 
power consumption. 
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[0516] The capacitive load drive circuit of the present invention may be so arranged that when discharging the ca- 
pacitive load, the switching means grounds the capacitive load, after connecting the capacitive load with the energy 
accumulating element that has the terminal voltage of a smallest absolute value. 

[0517] With this arrangement, the electric charge accumulated in the energy accumulating elements is reduced to 
0 before the energy accumulating elements are charged, thereby achieving the stable repeating operation of the energy 
accumulating elements. 

[0518] The capacitive load drive circuit of the present invention may be so arranged that when discharging the ca- 
pacitive load, the switching means keeps connecting the capacitive load with the energy accumulating element that 
has the terminal voltage of a smallest absolute value until the capacitive load starts charging, after connecting the 
capacitive load with the energy accumulating element that has the terminal voltage of the smallest absolute value. 
[0519] With this arrangement, the energy accumulated in the capacitive load can be retained and is not discarded, 
thereby collecting and reusing almost all of the electrostatic energy accumulated in the capacitive load. 
[0520] Further, the capacitive load drive circuit of the present invention may be arranged so as to further include 
voltage dividing means for dividing into a plurality of different voltages, the voltage supplied from the power source and 
for supplying the divided voltages respectively to the energy accumulating elements. 

[0521 ] With this arrangement, the voltage dividing means can compulsorily adjust the terminal voltages of the energy 
accumulating elements to predetermined voltages, even when the amount of electric charge in the energy accumulating 
elements is not restored to an initial value (value before supplying electrostatic energy) after collecting electrostatic 
energy from the capacitive load, due to the loss and energy emission at the capacitive load, etc. As a result, it is possible 
to supply a highly stable voltage to the capacitive load, thereby achieving stable repeating operation. 
[0522] Further, with this arrangement, the plurality of energy accumulating elements can sequentially supply different 
voltages to the capacitive load so as to sequentially increase the drive voltage of the capacitive load when charging 
the capacitive load, whereas the plurality of energy accumulating elements sequentially supply different voltages to 
the capacitive load so as to sequentially decrease the drive voltage of the capacitive load. Therefore, it is possible to 
obtain a variety of waveforms for the drive voltage by adjusting switching timings of the switching means. 
[0523] It is more preferable that the voltage dividing means equally divides the voltage supplied from the power 
source into n (n is not less than 2). With this, it is possible to further reduce an inrush current supplied to the energy 
accumulating elements and to the capacitive load, thereby reducing energy loss. 

[0524] The capacitive load drive circuit of the present invention may be so arranged that the voltage dividing means 
includes a plurality of resistors which are connected in series with respect to the power source. With this arrangement, 
it is possible to realize the voltage dividing means in a simple configuration. 

[0525] The capacitive load drive circuit that employs the voltage dividing means including the plurality of resistors is 
preferably arranged so as to further include buffer amplification means, which is provided between (A) the resistors 
and (B) the energy accumulating elements, for amplifying a current flowing through the resistors and for outputting a 
voltage that differs from an input voltage so as to adjust to predetermined voltages, the terminal voltages of the energy 
accumulating elements. 

[0526] With this arrangement, the buffer amplification means can accurately adjust the terminal voltages of the energy 
accumulating elements to predetermined voltages, when the voltage divided by the resistors does not become exactly 
equal to the predetermined voltage, namely, for example, when the amount of electric charge in the energy accumulating 
elements is not restored to an initial value (value before supplying electrostatic energy) after collecting electrostatic 
energy from the capacitive load, due to the loss and energy emission at the capacitive load, etc. Further, with this 
arrangement, it is possible to reduce a current flowing through the resistors, thereby reducing electrical power con- 
sumed by the resistors. 

[0527] The capacitive load drive circuit of the present invention may be so arranged that the voltage dividing means 
includes a constant voltage element such as a zener diode. 

[0528] With this arrangement, the constant voltage element can accurately adjust the terminal voltages of the energy 

accumulating elements to predetermined voltages, even when the amount of electric charge in the energy accumulating 

elements is not restored to an initial value (value before supplying electrostatic energy) after collecting electrostatic 

energy from the capacitive load, due to the loss and energy emission at the capacitive load, etc. As a result, it is possible 

to supply a highly stable voltage to the capacitive load, thereby achieving stable repeating operation. 

[0529] It is preferable that the voltage dividing means employing the constant voltage element further includes a 

plurality of constant voltage elements connected in series between the power source and a ground line; and a resistor 

is inserted between (A) the constant voltage elements and (B) the power source or the ground line. 

[0530] With this arrangement, even when the sum of set voltages of the constant voltage elements is not equal to 

the power supply voltage, the resistor can absorb the difference in the voltages, thereby achieving stable repeating 

operation at a certain voltage. 

[0531] The capacitive load drive circuit of the present invention may be so arranged that the voltage dividing means 
employing the constant voltage element includes a first voltage divider and a second voltage divider connected in 
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parallel between the power source and a ground line; each of the first voltage divider and the second voltage divider 
includes the constant voltage means; a pull-up resistor is inserted between the constant voltage means and the power 
source in the first voltage divider; and a pull-down resistor is inserted between the constant voltage means and the 
ground line in the second voltage divider. 

[0532] With this arrangement, even when the sum of set voltages of the constant voltage elements is not equal to 
the power supply voltage, the pull-up resistor and the pull-down resistor can absorb the difference in the voltages, 
thereby achieving stable repeating operation at a certain voltage. 

[0533] It is preferable that a difference between the number of constant voltage elements included in the first voltage 
divider and the number of constant voltage elements included in the second voltage divider is not more than one. 
[0534] With this arrangement, it is possible to further improve the stability of the terminal voltages of the energy 
accumulating elements, thereby achieving stable repeating operation. 

[0535] The capacitive load drive circuit of the present invention that employs the voltage dividing means including 
the constant voltage element is preferably arranged so that a current-limit resistor which is inserted between the con- 
stant voltage means and the energy accumulating elements. 

[0536] With this arrangement, the current-limit resistor can absorb a current suddenly flowing in and out of the ca- 
pacitive load, and can limit a current flowing into the constant voltage elements, thereby reducing the workload of the 
constant voltage elements. 

[0537] Further, it is preferable that all of the energy accumulating elements respectively have one ends connected 
to the power source or the ground line. 

[0538] With this arrangement, the energy accumulating elements can be respectively separated so as not to interfere 
with one another. Thus, when a current from the capacitive load flows in and out of a particular energy accumulating 
element, the voltage change of the particular energy accumulating element does not affect the other energy accumu- 
lating elements. Therefore, it is possible to further improve the stability of the terminal voltages of the energy accumu- 
lating elements, thereby achieving stable repeating operation. 

[0539] Further, the capacitive load drive circuit of the present invention is preferably arranged so that a switching 
section for controlling the supply of electrostatic energy from the power source to the energy accumulating elements, 
the switching section supplying electrostatic energy from the power source to the energy accumulating elements only 
during a predetermined period before the capacitive load is charged. 

[0540] With this arrangement, the power source supplies electrostatic energy to the energy accumulating elements 
only for a predetermine period. Thus, compared with a case where the power source always supplies electrostatic 
energy to the energy accumulating elements, it is possible to reduce electrical power consumed by the capacitive load 
drive circuit, and can particularly reduce electrical power consumed by the resistors in the arrangement that employs 
the voltage dividing means including the plurality of resistors connected in series with respect to the power source. 
[0541] Further, the capacitive load drive circuit of the present invention may be arranged so as to further include 
selecting means which switches over internal connecting states so as to selectively charge or discharge one or some 
of capacitive loads. 

[0542] With this arrangement, the selecting means selectively charge or discharge one or some of the capacitive 
loads, thereby driving a plurality of capacitive loads at different timings. 

[0543] Further, the capacitive load drive circuit that further employs the selecting means is preferably arranged so 
that (A) an energy supplying path for supplying to the capacitive load the electrostatic energy that is divided into the 
plurality of energy accumulating elements and (B) an energy collecting path for collecting the electrostatic energy from 
the plurality of energy accumulating elements are separately provided; and each of the energy supplying path and the 
energy collecting path includes the selecting means. 

[0544] With this arrangement, by separately providing the energy supplying path (charge path) and the energy col- 
lecting path, it is possible to simultaneously charge a part of the capacitive loads and discharge the other part of the 
capacitive loads. With this, it is possible to increase the number of operating the capacitive loads per unit time when 
driving many capacitive loads at different timings. Therefore, it is possible to operate the capacitive loads at a high 
speed. 

[0545] Further, the capacitive load drive circuit in which the energy supplying path and the energy collecting path 
are separately provided is preferably arranged so as to further include rectifying means for rectifying currents of the 
energy supplying path and the energy collecting path. 

[0546] With this arrangement, a short-circuit current does not flow in a case of delay in the ON/OFF operation of the 
switching means and the like, thereby preventing the breakage of the circuit. 

[0547] The capacitive load drive circuit can be applied to a piezoid for pressuring ink, the piezoid being provided in 
an ink-jet head that jets out ink in droplets. 

[0548] With this arrangement, it is possible to collect and reuse energy highly efficiently when driving the piezoid of 
the ink-jet head which generally consumes large electrical power, have a high dielectric constant and a large capaci- 
tance, and is generally driven at a high repeating frequency. This especially achieves the effect of reducing electrical 
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power consumption. 

[0549] As described above, an ink-jet printer (image forming apparatus) of the present invention which includes- an 
ink-jet head that uses a piezoid to pressurize ink so as to jet out the ink in droplets, and a drive circuit for driving the 
piezoid of the ink-jet head is so arranged that the drive circuit is one of the capacitive load drive circuits as arranged 
above. 

[0550] With this arrangement, the plurality of energy accumulating elements sequentially supply electrostatic energy 
to the piezoid, and the plurality of energy accumulating elements sequentially collect electrostatic energy from the 
piezoid, thereby collecting and reusing energy highly efficiently. Therefore, it is possible to provide an ink-jet printer 
(image forming apparatus) that has a lower electrical power consumption. 

[0551] As described above, a method for driving a capacitive load of the present invention is arranged so as to include 
an accumulating step of dividedly accumulating electrostatic energy in a plurality of energy accumulating elements; a 
charging step of sequentially supplying the electrostatic energy from the plurality of energy accumulating elements to 
the capacitive load so as to charge the capacitive load; and a collecting step of discharging the capacitive load so that 
the plurality of energy accumulating elements sequentially collect the electrostatic energy from the capacitive load. 
[0552] With this method, the plurality of energy accumulating elements sequentially supply electrostatic energy to 
the piezoid, and the plurality of energy accumulating elements sequentially collect electrostatic energy from the piezoid, 
thereby collecting and reusing energy highly efficiently. 

[0553] As described above, a method for driving a capacitive load of the present invention by charging and discharg- 
ing the capacitive load is arranged so as to include (i) a step of preparing a first energy accumulating element having 
an first initial potential which is not 0, a second energy accumulating element, and a reference potential terminal to 
which either (a) a ground potential, (b) a potential which has the same polarity as the first initial potential supplied from 
a power source and which has a smaller absolute value than the first initial potential, or (c) a potential whose polarity 
is reverse to the polarity of the first initial potential supplied form the power source is applied as a reference potential; 
(ii) an initial potential applying step of applying the first initial potential to the first energy accumulating element, and 
applying to the second energy accumulating element a second initial potential which has the same polarity as the first 
initial potential and which has a larger absolute value than the first initial potential; (iii) a first charging step of selectively 
connecting the capacitive load with the reference potential terminal and then selectively connecting the capacitive load 
with the first energy accumulating element so as to change, toward the first initial potential, a terminal voltage of the 
capacitive load; (iv) a second charging step of selectively connecting the capacitive load with the second energy ac- 
cumulating element so as to increase an absolute value of the terminal voltage of the capacitive load; and (v) a dis- 
charging step of selectively connecting the capacitive load with the first energy accumulating element so as to decrease 
the absolute value of the terminal voltage of the capacitive load and so as to regenerate electrostatic energy to be 
accumulated in the first energy accumulating element, the thus regenerated electrostatic energy being approximately 
equal to electrostatic energy as accumulated in the first energy accumulating element before the first charging step, 
the steps (iii) through (v) being carried out in this order. 

[0554] As described above, a method for driving a capacitive load of the present invention by charging and discharg- 
ing the capacitive load is arranged so as to include (i) a step of preparing a power supply terminal to which a power 
supply potential is applied from a power source, a first energy accumulating element, and a third energy accumulating 
element; (ii) an initial potential applying step of applying to the first energy accumulating element a first initial potential 
which has the same polarity as the power supply potential and which has a smaller absolute value than the power 
supply potential, and applying to the third accumulating element either a potential which has the same polarity as the 
first initial potential and which has a smaller absolute value than the first initial potential, a ground potential, or a third 
initial potential whose potential is reverse to the polarity of the first initial potential; (iii) a first charging step of selectively 
connecting the capacitive load with the third energy accumulating element and then selectively connecting the capac- 
itive load with the first energy accumulating element so as to change, toward the first initial potential, a terminal voltage 
of the capacitive load; (iv) a second charging step of selectively connecting the capacitive load with the power supply 
terminal so as to increase an absolute value of the terminal voltage of the capacitive load; and (v) a discharging step 
of selectively connecting the capacitive load with the first energy accumulating element so as to decrease the absolute 
value of the terminal voltage of the capacitive load and so as to regenerate electrostatic energy to be accumulated in 
the first energy accumulating element, the thus regenerated electrostatic energy being approximately equal to elec- 
trostatic energy as accumulated in the first energy accumulating element before the first charging step, the steps (iii) 
through (v) being carried out in this order. 

[0555] As described above, a method for driving a capacitive load of the present invention by charging and discharg- 
ing the capacitive load is arranged so as to include (i) a step of preparing a first energy accumulating element, a second 
energy accumulating element, and a third energy accumulating element; (ii) an initial potential applying step of applying 
to the first energy accumulating element a first initial potential which is not 0, applying to the second energy accumulating 
element a second initial potential which has a larger absolute value than the initial potential of the first energy accu- 
mulating element, and applying to the third accumulating element either a potential which has the same polarity as the 
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first initial potential and which has a smaller absolute value than the first initial potential, a ground potential, or a third 
initial potential whose potential is reverse to the polarity of the first initial potential; (iii) a first charging step of selectively 
connecting the capacitive load with the third energy accumulating element and then selectively connecting the capac- 
itive load with the first energy accumulating element so as to change, toward the first initial potential, a terminal voltage 
of the capacitive load; (iv) a second charging step of selectively connecting the capacitive load with the second energy 
accumulating element so as to increase an absolute value of the terminal voltage of the capacitive load; and (v) a 
discharging step of selectively connecting the capacitive load with the first energy accumulating element so as to 
decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate electrostatic energy 
to be accumulated in the first energy accumulating element, the thus regenerated electrostatic energy being approxi- 
mately equal to electrostatic energy as accumulated in the first energy accumulating element before the first charging 
step, the steps (iii) through (v) being carried out in this order. 

[0556] As described above, a method for driving a capacitive load of the present invention by charging and discharg- 
ing the capacitive load is arranged so as to include a providing step of preparing a power supply terminal to which a 
power supply potential is applied from a power source, a reference potential terminal to which either a reference power 
supply potential supplied from the power source which is different from the power supply potential or a ground potential 
is applied as a reference potential, and a plurality of first energy accumulating elements; an initial potential applying 
step of respectively applying to the plurality of first energy accumulating elements initial potentials which are different 
from one another and which are between the reference potential and the power supply potential; and steps of (1) 
connecting the capacitive load with the reference potential terminal and then sequentially connecting the capacitive 
load with the first energy accumulating elements in an order of the initial potentials from the initial potential closest to 
the reference potential, so as to change, toward the power supply potential, a terminal voltage of the capacitive load, 
(2) selectively connecting the capacitive load with the power supply terminal so as to increase an absolute value of 
the terminal voltage of the capacitive load, and (3) selectively connecting the capacitive load with the first energy 
accumulating elements in an order of the initial potentials from the initial potential closest to the power supply potential, 
so as to decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate electrostatic 
energy to be accumulated in the first energy accumulating elements, the thus regenerated electrostatic energy being 
approximately equal to electrostatic energy as accumulated in the first energy accumulating elements before the step 
(1), the steps (1) through (3) being carried out in this order. 

[0557] With these methods, (A) the flow of energy from the energy accumulating elements to the capacitive load 
when charging and (B) the flow of energy from the capacitive load to the energy accumulating elements when dis- 
charging are canceled out, thereby reducing the energy loss. As a result, it is possible to reduce electrical power 
consumption. 

[0558] As described above, an apparatus of the present invention is so arranged that the capacitive load drive circuit 
includes a power supply terminal to which a power supply potential is applied from a power source; a reference potential 
terminal to which either a reference power supply potential supplied from the power source which is different from the 
power supply potential, or a ground potential is applied as a reference potential; an energy accumulating element to 
which an initial potential between the reference potential and the power supply potential is applied; and switching 
means for selectively connecting (A) the reference potential terminal, the energy accumulating element, and the power 
supply terminal with (B) the capacitive load, the switching means carrying out (i) a first charging step of connecting the 
capacitive load with the reference potential terminal and then connecting the capacitive load with the energy accumu- 
lating element, (ii) a second charging step of selectively connecting the capacitive load with the power supply terminal, 
and (iii) a discharging step of connecting the capacitive load with the energy accumulating element, the steps (i) through 
(iii) being carried out in this order, the following relationship being satisfied: 

Cd/Cs < 0.164{Ts/(R-Cd)} 0 2198 , if Ts/(R-Cd) < 2.5; 

and 

Cd/Cs < 0.2, if Ts/(R-Cd) > 2.5, 

where Cs is a capacitive component of the energy accumulating element, Cd is a capacitance of the capacitive 
load, Ts is a time during which the energy accumulating element is kept connected to the capacitive load, and R is a 
resistance value of charge and discharge paths of the energy accumulating element with respect to the capacitive 
load, the charge and discharge paths including switching means. 

[0559] Further, as described above, an apparatus of the present invention is arranged so that the capacitive load 
drive circuit includes a power supply terminal to which a power supply potential is applied from a power source; a 
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reference potential terminal to which either a reference power supply potential supplied from the power source which 
is different from the power supply potential, or a ground potential is applied as a reference potential; a plurality of energy 
accumulating elements to which initial potentials are respectively applied, the initial potentials being different from one 
another and being between the reference potential and the power supply potential; and switching means for selectively 
connecting (A) the reference potential terminal, the plurality of energy accumulating elements, and the power supply 
terminal with (B) the capacitive load, the switching means carrying out (i) a first charging step of connecting the ca- 
pacitive load with the reference potential terminal and then sequentially connecting the capacitive load with the energy 
accumulating elements in an order of the initial potentials from the initial potential closest to the reference potential, 
(ii) a second charging step of selectively connecting the capacitive load with the power supply terminal, and (iii) a 
discharging step of sequentially connecting the capacitive load with the energy accumulating elements in an order of 
the initial potentials from the initial potential closest to the power supply potential, the steps (i) through (iii) being carried 
out in this order, the following relationship being satisfied: 

Cd/Cs < 0.164{Ts/(R-Cd)}° 2198 , if Ts/(R-Cd) < 2.5; 

and 

Cd/Cs < 0.2, if Ts/(R-Cd) > 2.5, 

where Cs is a capacitive component of the energy accumulating elements, Cd is a capacitance of the capacitive 
load, Ts is a time during which the energy accumulating elements are kept connected to the capacitive load, and R is 
a resistance value of charge and discharge paths of the energy accumulating elements with respect to the capacitive 
load, the charge and discharge paths including switching means. 

[0560] With these arrangements, when decreasing the absolute value of the terminal voltage of the capacitive load 
so as to discharge the capacitive load, it is possible to regenerate electrostatic energy accumulated in the first energy 
accumulating elements to be approximately equal to electrostatic energy as accumulated in the first energy accumu- 
lating elements before supplying energy to the capacitive load. Therefore, the first energy accumulating elements do 
not apparently consume energy, thereby regenerating electrical power highly efficiently. 

[0561] Further, with these arrangements, the voltage of the capacitive load reaches 90% of the final attainment 
voltage (final voltage attained by the capacitive load after repeating the first through third steps infinitely) during the 
first through third steps. With this, change in the voltages of the energy accumulating elements due to the flowing of 
electric charge from the energy accumulating elements to the capacitive load is reduced, and the electrical power 
regeneration ratio in generating pulses is improved, thereby further reducing the electrical power consumption. Further, 
change in the voltages of the energy accumulating elements due to the generation of a pulse is reduced. This allows 
to generate a next pulse without correcting the voltage change. 

[0562] The invention being thus described, it will be obvious that the same may be varied in many ways. Such 
variations are not to be regarded as a departure from the spirit and scope of the invention, and all such modifications 
as would be obvious to one skilled in the art are intended to be included within the scope of the following claims. 

INDUSTRIAL APPLICABILITY 

[0563] As describe above, the present invention can provide a capacitive load drive circuit for driving a capacitive 
load which can reduce electrical power consumption, a capacitive load driving method, and an apparatus using the 
same. 

[0564] Therefore, the present invention can be preferably used for (A) a capacitive load drive circuit for driving a 
capacitive load, which is provided in an image forming apparatus that uses a piezoid and an electrostatic drive electrode 
to jet out ink, the piezoid and the electrostatic drive electrode being capacitive loads, a discharge electrode of a plasma 
display, a drive circuit of a liquid crystal display, or the like, (B) a capacitive load driving method, and (C) an apparatus 
using the same, such as an image forming apparatus, a display apparatus, a voltage pulse generating apparatus, and 
a DC-AC converter. 



Claims 

1. A capacitive load drive circuit for charging and discharging a capacitive load, comprising: 
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a plurality of energy accumulating elements for dividedly accumulating electrostatic energy supplied from a 
power source; and 

switching means for selectively connecting the capacitive load and the plurality of energy accumulating ele- 
ments, 

(A) when charging the capacitive load, the switching means selectively connecting the capacitive load and 
the plurality of energy accumulating elements so that the plurality of energy accumulating elements sequentially 
supply electrostatic energy to the capacitive load, and (B) when discharging the capacitive load, the switching 
means selectively connecting the capacitive load and the plurality of energy accumulating elements so that the 
plurality of energy accumulating elements sequentially collect electrostatic energy from the capacitive load. 

A capacitive load drive circuit for charging and discharging a capacitive load, comprising: 

a plurality of energy accumulating elements to which a plurality of different initial potentials are respectively 
applied; 

a reference potential terminal to which either a reference power supply potential from a power source or a 
ground potential is applied as a reference potential; and 

switching means for selectively connecting (A) the energy accumulating elements and the reference potential 
terminal with (B) the capacitive load, 

one of the plurality of energy accumulating elements being a first energy accumulating element having a first 
initial potential which is not 0, one of the plurality of energy accumulating elements being a second energy 
accumulating element having a second initial potential whose polarity is the same as a polarity of the first initial 
potential and whose absolute value is larger than an absolute value of the first initial potential, 
the reference potential being either (a) the ground potential, (b) a potential which has the same polarity as the 
first initial potential supplied from the power source and which has a smaller absolute value than the first initial 
potential, or (c) a potential whose polarity is reverse to the polarity of the first initial potential supplied form the 
power source, 

the switching means carrying out (i) a first charging step of selectively connecting the capacitive load with the 
reference potential terminal and then selectively connecting the capacitive load with the first energy accumu- 
lating element so as to change, toward the first initial potential, a terminal voltage of the capacitive load, (ii) a 
second charging step of selectively connecting the capacitive load with the second energy accumulating ele- 
ment so as to increase an absolute value of the terminal voltage of the capacitive load, and (iii) a discharging 
step of selectively connecting the capacitive load with the first energy accumulating element so as to decrease 
the absolute value of the terminal voltage of the capacitive load and so as to regenerate electrostatic energy 
to be accumulated in the first energy accumulating element, the thus regenerated electrostatic energy being 
approximately equal to electrostatic energy as accumulated in the first energy accumulating element before 
the step (i), the steps (i) through (iii) being carried out in this order. 

The capacitive load drive circuit as set forth in claim 2, wherein: 

the reference potential terminal is a ground terminal having the ground potential; 

the switching means is a plurality of switching elements, which are respectively provided between (A) the 
ground terminal and the plurality of energy accumulating elements and (B) the capacitive load, for selectively 
connecting (A) the ground terminal and the plurality of energy accumulating elements with (B) the capacitive 
load; and 

at least the accumulating element that has an initial potential whose absolute value is largest among the 
plurality of accumulating elements is directly or indirectly connected with the power source. 

A capacitive load drive circuit for charging and discharging a capacitive load, comprising: 

a power supply terminal to which a power supply potential from a power source is applied; 

a plurality of energy accumulating elements to which a plurality of different initial potentials are respectively 

applied; and 

switching means for selectively connecting (A) the energy accumulating elements and the power supply ter- 
minal with (B) the capacitive load, 

one of the plurality of energy accumulating elements being a first energy accumulating element having a first 
initial potential whose polarity is the same as a polarity of the power supply potential and whose absolute value 
is smaller than an absolute value of the power supply potential, one of the plurality of energy accumulating 
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elements being a third energy accumulating element having either (a) a potential whose polarity is the same 
as the polarity of the first initial potential and whose absolute value is smaller than the absolute value of the 
first initial potential, (b) a ground potential, or (c) a third initial potential whose polarity is reverse to the polarity 
of the first initial potential, 

the switching means carrying out (i) a first charging step of selectively connecting the capacitive load with the 
third energy accumulating element and then selectively connecting the capacitive load with the first energy 
accumulating element so as to change, toward the first initial potential, a terminal voltage of the capacitive 
load, (ii) a second charging step of selectively connecting the capacitive load with the power supply terminal 
so as to increase an absolute value of the terminal voltage of the capacitive load, and (iii) a discharging step 
of selectively connecting the capacitive load with the first energy accumulating element so as to decrease the 
absolute value of the terminal voltage of the capacitive load and so as to regenerate electrostatic energy to 
be accumulated in the first energy accumulating element, the thus regenerated electrostatic energy being 
approximately equal to electrostatic energy as accumulated in the first energy accumulating element before 
the step (i), the steps (i) through (iii) being carried out in this order. 

A capacitive load drive circuit for charging and discharging a capacitive load, comprising: 

a plurality of energy accumulating elements to which a plurality of different initial potentials are respectively 
applied; and 

switching means for selectively connecting the plurality of energy accumulating elements with the capacitive 
load, 

one of the plurality of energy accumulating elements being a first energy accumulating element having a first 
initial potential which is not 0, one of the plurality of energy accumulating elements being a second energy 
accumulating element whose absolute value is larger than an absolute value of the first initial potential, one 
of the plurality of energy accumulating elements being a third energy accumulating element having either a 
potential whose polarity is the same as a polarity of the first initial potential and whose absolute value is smaller 
than the absolute value of the first initial potential, a ground potential, or a third initial potential whose polarity 
is reverse to the polarity of the first initial potential, 

the switching means carrying out (i) a first charging step of selectively connecting the capacitive load with the 
third energy accumulating element and then selectively connecting the capacitive load with the first energy 
accumulating element so as to change, toward the first initial potential, a terminal voltage of the capacitive 
load, (ii) a second charging step of selectively connecting the capacitive load with the second energy accu- 
mulating element so as to increase an absolute value of the terminal voltage of the capacitive load, and (iii) a 
discharging step of selectively connecting the capacitive load with the first energy accumulating element so 
as to decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate elec- 
trostatic energy to be accumulated in the first energy accumulating element, the thus regenerated electrostatic 
energy being approximately equal to electrostatic energy as accumulated in the first energy accumulating 
element before the step (i), the steps (i) through (iii) being carried out in this order. 

The capacitive load drive circuit as set forth in claim 5, further comprising: 

a ground terminal having the ground potential, 

the switching means being a plurality of switching elements, which are respectively provided between (A) the 
ground terminal and the plurality of energy accumulating elements and (B) the capacitive load, for selectively 
connecting (A) the ground terminal and the plurality of energy accumulating elements with (B) the capacitive 
load, 

at least the accumulating element that has an initial potential whose absolute value is largest among the 
plurality of accumulating elements being directly or indirectly connected with the power source. 

The capacitive load drive circuit as set forth in claim 5, wherein: 

the switching means is a plurality of switching elements, which are respectively provided between the plurality 
of energy accumulating elements and the capacitive load, for selectively connecting the plurality of energy 
accumulating elements with the capacitive load, 

at least the accumulating element that has an initial potential whose absolute value is largest among the 
plurality of accumulating elements is directly or indirectly connected with the power source. 

A capacitive load drive circuit for charging and discharging a capacitive load, comprising: 
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a power supply terminal to which a power supply potential from a power source is applied; 

a reference potential terminal to which either a reference power supply potential that is different from the power 

supply potential or a ground potential is applied as a reference potential; 

a plurality of first energy accumulating elements to which initial potentials are respectively applied, the initial 
potentials being different from one another and being between the reference potential and the power supply 
potential; and 

switching means for selectively connecting (A) the reference potential terminal, the plurality of energy accu- 
mulating elements, and the power supply terminal with (B) the capacitive load, 

the switching means carrying out the steps of (1) connecting the capacitive load with the reference potential 
terminal and then sequentially connecting the capacitive load with the first energy accumulating elements in 
an order of the initial potentials from the initial potential closest to the reference potential, so as to change, 
toward the power supply potential, a terminal voltage of the capacitive load, (2) selectively connecting the 
capacitive load with the power supply terminal so as to increase an absolute value of the terminal voltage of 
the capacitive load, and (3) selectively connecting the capacitive load with the first energy accumulating ele- 
ments in an order of the initial potentials from the initial potential closest to the power supply potential, so as 
to decrease the absolute value of the terminal voltage of the capacitive load and so as to so as to regenerate 
electrostatic energy to be accumulated in the first energy accumulating elements, the thus regenerated elec- 
trostatic energy being approximately equal to electrostatic energy as accumulated in the first energy accumu- 
lating elements before the step (1), the steps (1) through (3) being carried out in this order. 

9. The capacitive load drive circuit as set forth in any one of claims 2 through 8, further comprising: 

a DC power source which is connected to the first energy accumulating element via a resistance circuit, the 
DC power source supplying energy into the first energy accumulating element so as to prevent a voltage drift 
of the first energy accumulating element caused by the charging and discharging of the capacitive load. 

10. The capacitive load drive circuit as set forth in claim 9, wherein: 

a drive pulse having a predetermined cycle is applied to the capacitive load; and 

a time constant determined by a resistance value of the resistance circuit and a capacitive component of the 
first energy accumulating element is larger than the cycle of the drive pulse applied to the capacitive load, by 
50 times or more. 

11. The capacitive load drive circuit as set forth in claim 9, wherein: 

a drive pulse having a predetermined cycle is applied to the capacitive load; 

the switching means carries out a charging step of selectively connecting the capacitive load to different points 
so as to supply electrostatic energy to the capacitive load, the charging step being repeated in a plurality of 
times within one cycle of the drive pulse; and 
the following relationship is satisfied: 

3 x Tp < Rs-Cs < 6 x Tp, where N=2; 
3 x Tp < Rs-Cs < 7 x Tp, where N=3; 
3 x Tp < Rs-Cs < 8 x Tp, where N=4; 

and 

3 x Tp < Rs-Cs < 10 x Tp, where N>5, 

where Cs is a capacitive component of the first energy accumulating element, Tp is the cycle of the drive 
pulse applied to the capacitive load, Rs is a resistance value of an energy supplying path from the DC power 
source to the first energy accumulating element, and N is the number of repeating the charging step during the 
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cycle of the drive pulse. 

12. The capacitive load drive circuit as set forth in any one of claims 1 through 11 , wherein: 

each of the energy accumulating elements has an initial potential whose polarity is positive. 

13. The capacitive load drive circuit as set forth in any one of claims 1 through 11 , wherein: 

each of the energy accumulating elements has an initial potential whose polarity is negative. 

14. A capacitive load drive circuit, wherein: 

the capacitive load drive circuit as set forth in claim 1 2 and the capacitive load drive circuit as set forth in claim 
13 are connected in parallel. 

15. The capacitive load drive circuit as set forth in any one of claims 1 through 1 4, wherein: 

the plurality of energy accumulating elements respectively have terminal voltages which are different from one 
another; and 

(A) when charging the capacitive load, the switching means sequentially connects the capacitive load with 
the energy accumulating elements in an ascending order of absolute values of the terminal voltages and 

(B) when discharging the capacitive load, the switching means sequentially connects the capacitive load 
with the energy accumulating elements in a descending order of the absolute values of the terminal volt- 
ages.. 

16. The capacitive load drive circuit as set forth in any one of claims 1 through 1 5, wherein: 

each of the energy accumulating elements is a condenser. 

17. The capacitive load drive circuit as set forth in any one of claims 1 through 15, further comprising: 

an energy output path which is connected to a part of the energy accumulating elements, the energy output 
path supplying to an external element other than the capacitive load the electrostatic energy that the energy 
accumulating element collects from the capacitive load. 

18. The capacitive load drive circuit as set forth in claim 1 7, wherein: 

when discharging the capacitive load, the switching means grounds the capacitive load, after connecting the 
capacitive load with the energy accumulating element that has the terminal voltage of a smallest absolute value. 

19. The capacitive load drive circuit as set forth in claim 1 6, wherein: 

when discharging the capacitive load, the switching means keeps connecting the capacitive load with the 
energy accumulating element that has the terminal voltage of a smallest absolute value until the capacitive 
load starts charging, after connecting the capacitive load with the energy accumulating element that has the 
terminal voltage of the smallest absolute value. 

20. The capacitive load drive circuit as set forth in any one of claims 1 through 1 9, further comprising: 

voltage dividing means for dividing into a plurality of different voltages, the voltage supplied from the power 
source and for supplying the divided voltages respectively to the energy accumulating elements. 

21. The capacitive load drive circuit as set forth in claim 20, further comprising: 

a switching section for controlling the supply of the voltages from the voltage dividing means to the energy 
accumulating elements, 

the switching section being switched ON only during a predetermined period before the capacitive load is 
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charged. 

22. The capacitive load drive circuit as set forth in claim 20, further comprising: 

a ground terminal; 

a DC power source for supplying a power supply voltage; and 

voltage dividing means, which is connected between the ground terminal and the DC power source, for dividing 
a potential difference between a ground potential and the power supply voltage, 

the plurality of energy accumulating elements being respectively connected to voltage dividing points to which 
the voltages that are divided by the voltage dividing means are respectively supplied. 

23. The capacitive load drive circuit as set forth in claim 20, further comprising: 

a plurality of DC power sources respectively having different power supply voltages; and 

voltage dividing means, which is connected between the DC power sources, for dividing a potential difference 

among the power supply voltages, 

the plurality of energy accumulating elements being respectively connected to voltage dividing points to which 
the voltages that are divided by the voltage dividing means are respectively supplied. 

24. The capacitive load drive circuit as set forth in claim 20, wherein: 

the voltage dividing means includes a plurality of resistors which are connected in series with respect to the 
power source. 

25. The capacitive load drive circuit as set forth in claim 20, further comprising: 

buffer amplification means, which is provided between (A) the resistors and (B) the energy accumulating el- 
ements, for amplifying a current flowing through the resistors and for outputting a voltage that differs from an 
input voltage so as to adjust to predetermined voltages, the terminal voltages of the energy accumulating 
elements. 

26. The capacitive load drive circuit as set forth in claim 20, wherein: 

the voltage dividing means includes constant voltage means for stabilizing the divided voltages. 

27. The capacitive load drive circuit as set forth in claim 26, wherein: 

the voltage dividing means further includes a plurality of constant voltage elements connected in series be- 
tween the power source and a ground line; and 

a resistor is inserted between (A) the constant voltage elements and (B) the power source or the ground line. 

28. The capacitive load drive circuit as set forth in claim 26, wherein: 

the voltage dividing means includes a first voltage divider and a second voltage divider connected in parallel 
between the power source and a ground line; 

each of the first voltage divider and the second voltage divider includes the constant voltage means; 

a pull-up resistor is inserted between the constant voltage means and the power source in the first voltage 

divider; and 

a pull-down resistor is inserted between the constant voltage means and the ground line in the second voltage 
divider. 

29. The capacitive load drive circuit as set forth in claim 28, wherein: 

a difference between the number of constant voltage elements included in the first voltage divider and the 
number of constant voltage elements included in the second voltage divider is not more than one. 

30. The capacitive load drive circuit as set forth in any one of claims 26 through 29, further comprising: 
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a current-limit resistor which is inserted between the constant voltage means and the energy accumulating 
elements. 

31. The capacitive load drive circuit as set forth in any one of claims 26 through 30, wherein: 

the constant voltage means includes a constant voltage element, 
the constant voltage element is a zener diode. 

32. The capacitive load drive circuit as set forth in any one of claims 1 through 31 , wherein: 

all of the energy accumulating elements respectively have one ends connected to the power source or the 
ground line. 

33. The capacitive load drive circuit as set forth in any one of claims 1 through 32, further comprising: 

a switching section for controlling the supply of electrostatic energy from the power source to the energy 
accumulating elements, 

the switching section supplying electrostatic energy from the power source to the energy accumulating ele- 
ments only during a predetermined period before the capacitive load is charged. 

34. The capacitive load drive circuit as set forth in any one of claims 1 through 33, further comprising: 

selecting means which switches over internal connecting states so as to selectively charge or discharge one 
or some of capacitive loads. 

35. The capacitive load drive circuit as set forth in claim 34, wherein: 

(A) an energy supplying path for supplying to the capacitive load the electrostatic energy that is divided into 
the plurality of energy accumulating elements and (B) an energy collecting path for collecting the electrostatic 
energy from the plurality of energy accumulating elements are separately provided; and 
each of the energy supplying path and the energy collecting path includes the selecting means. 

36. The capacitive load drive circuit as set forth in claim 35, further comprising: 

rectifying means for rectifying currents of the energy supplying path and the energy collecting path. 

37. The capacitive load drive circuit as set forth in any one of claims 1 through 36, wherein: 

the capacitive load is a piezoid for pressuring ink, the piezoid being provided in an ink-jet head that jets out 
ink in droplets. 

38. The capacitive load drive circuit as set forth in any one of claims 1 through 36, wherein: 

the capacitive load is an electrostatic drive electrode, which is provided in an ink-jet head of an electrostatic 
method that uses electrostatic attraction force to jet out ink in droplets. 

39. An apparatus which includes the capacitive load drive circuit as set forth in any one of claims 1 through 38, and 
the capacitive load that is charged and discharged by the capacitive load drive circuit, wherein: 

the following relationship is satisfied: 

Cd/Cs < 0.164{Ts/(R-Cd)}° 2198 , if Ts/(R-Cd) < 2.5; 

and 

Cd/Cs < 0.2, if Ts/(R-Cd) > 2.5, 
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where Cs is a capacitive component of the energy accumulating elements, Cd is a capacitance of the ca- 
pacitive load, Ts is a time during which the energy accumulating elements are kept connected to the capacitive 
load, and R is a resistance value of charge and discharge paths of the energy accumulating elements with respect 
to the capacitive load, the charge and discharge paths including the switching means. 

40. An apparatus which includes the capacitive load drive circuit as set forth in any one of claims 1 through 38, and 
the capacitive load that is charged and discharged by the capacitive load drive circuit, wherein: 

the capacitive component of the energy accumulating elements is larger than the capacitance of the capacitive 
load, by 100 times or more. 

41 . An apparatus which includes a capacitive load, and a capacitive load drive circuit for charging and discharging the 
capacitive load, wherein: 

the capacitive load drive circuit includes: 

a power supply terminal to which a power supply potential is applied from a power source; 

a reference potential terminal to which either a reference power supply potential supplied from the power 

source which is different from the power supply potential, or a ground potential is applied as a reference 

potential; 

an energy accumulating element to which an initial potential between the reference potential and the 
power supply potential is applied; and 

switching means for selectively connecting (A) the reference potential terminal, the energy accumulating 
element, and the power supply terminal with (B) the capacitive load, 

the switching means carrying out (i) a first charging step of connecting the capacitive load with the refer- 
ence potential terminal and then connecting the capacitive load with the energy accumulating element, 
(ii) a second charging step of selectively connecting the capacitive load with the power supply terminal, 
and (iii) a discharging step of connecting the capacitive load with the energy accumulating element, the 
steps (i) through (iii) being carried out in this order, 
the following relationship being satisfied: 

Cd/Cs < 0.164{Ts/(R-Cd)} 0 ' 2198 , if Ts/(R-Cd) < 2.5; 

and 

Cd/Cs < 0.2, if Ts/(R-Cd) > 2.5, 

where Cs is a capacitive component of the energy accumulating element, Cd is a capacitance of the capacitive 
load, Ts is a time during which the energy accumulating element is kept connected to the capacitive load, and R 
is a resistance value of charge and discharge paths of the energy accumulating element with respect to the ca- 
pacitive load, the charge and discharge paths including switching means. 

42. An apparatus which includes a capacitive load, and a capacitive load drive circuit for charging and discharging the 
capacitive load, wherein: 

the capacitive load drive circuit includes: 

a power supply terminal to which a power supply potential is applied from a power source; 

a reference potential terminal to which either a reference power supply potential supplied from the power 

source which is different from the power supply potential, or a ground potential is applied as a reference 

potential; 

a plurality of energy accumulating elements to which initial potentials are respectively applied, the initial 
potentials being different from one another and being between the reference potential and the power 
supply potential; and 

switching means for selectively connecting (A) the reference potential terminal, the plurality of energy 
accumulating elements, and the power supply terminal with (B) the capacitive load, 
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the switching means carrying out (i) a first charging step of connecting the capacitive load with the refer- 
ence potential terminal and then sequentially connecting the capacitive load with the energy accumulating 
elements in an order of the initial potentials from the initial potential closest to the reference potential, (ii) 
a second charging step of selectively connecting the capacitive load with the power supply terminal, and 
(iii) a discharging step of sequentially connecting the capacitive load with the energy accumulating ele- 
ments in an order of the initial potentials from the initial potential closest to the power supply potential, the 
steps (i) through (iii) being carried out in this order, 
the following relationship being satisfied: 

Cd/Cs < 0.164{Ts/(R-Cd)} 0 2198 , if Ts/(R-Cd) < 2.5; and 



Cd/Cs < 0.2, if Ts/(R-Cd) > 2.5, 

where Cs is a capacitive component of the energy accumulating elements, Cd is a capacitance of the ca- 
pacitive load, Ts is a time during which the energy accumulating elements are kept connected to the capacitive 
load, and R is a resistance value of charge and discharge paths of the energy accumulating elements with respect 
to the capacitive load, the charge and discharge paths including switching means. 

43. The apparatus as set forth in claim 41 , wherein the following relationship is satisfied: 

SR < V/(R-Cd) * (-0.0002y 4 + 0.001 y 3 + 0.009y 2 - 
0.1 OOy + 0.386), 

where Cd is the capacitance of the capacitive load, R is the resistance value of the charge and discharge 
paths of the energy accumulating element with respect to the capacitive load, the charge and discharge paths 
including the switching means, Ts is the time during which the energy accumulating element is kept connected to 
the capacitive load, V is a final attainment voltage, SR is a slew rate (rate of rise from 1 0% to 90%) of a waveform 
of a generated voltage, and y=Ts/(R-Cd). 

44. The apparatus as set forth in claim 43, wherein the following relationship is satisfied: 

50(V/|nsec) < V/(R-Cd) * (-0.0002y 4 + 0.001 y 3 + 
0.009y 2 -0.1 OOy + 0.386), 

where Cd is the capacitance of the capacitive load, R is the resistance value of the charge and discharge 
paths of the energy accumulating element with respect to the capacitive load, the charge and discharge paths 
including the switching means, Ts is the time during which the energy accumulating element is kept connected to 
the capacitive load, V is the final attainment voltage, and y=Ts/(R-Cd). 

45. The apparatus as set forth in claim 42, wherein the following relationship is satisfied: 

SR < V/(R-Cd) * (0.0008y 4 - 0.01 2y 3 + 0.071 y 2 - 0.229y + 0.414), when N = 3; 

SR < V/(R-Cd) * (0.0023y 4 - 0.028y 3 + 0.1 38y 2 - 0.336y + 0.434), where N = 4; and 

SR < V/(R-Cd) * (0.0026y 4 - 0.032y 3 + 0.1 53y 2 - 0.356y + 0.413), where N > 5, 

where Cd is the capacitance of the capacitive load, R is the resistance value of the charge and discharge 
paths of the energy accumulating elements with respect to the capacitive load, the charge and discharge paths 
including the switching means, Ts is the time during which the energy accumulating elements are kept connected 
to the capacitive load, V is a final attainment voltage, N is the number of times each of the energy accumulating 
elements repeats a charging step during a cycle of a drive pulse, the SR is a slew rate (rate of rise from 10% to 
90%) of a waveform of a generated voltage, and y=Ts/(R-Cd). 
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46. The apparatus as set forth in claim 45, wherein the following relationship is satisfied: 

50(V/jisec) < V/(R-Cd) * (0.0008y 4 - 0.01 2y 3 + 0.071 y 2 - 0.229y + 0.414), where N = 3; 
50(V/nsec) < V/(R-Cd) * (0.0023y 4 - 0.028y 3 + 0.1 38y 2 - 0.336y + 0.434), where N = 4; and 
50(V/nsec) < V/(R-Cd) * (0.0026y 4 - 0.032y 3 + 0.1 53y 2 - 0.356y + 0.413), when N > 5, 

where Cd is the capacitance of the capacitive load, R is the resistance value of the charge and discharge 
paths of the energy accumulating elements with respect to the capacitive load, the charge and discharge paths 
including the switching means, Ts is the time during which the energy accumulating elements are kept connected 
to the capacitive load, V is the final attainment voltage, N is the number of times each of the energy accumulating 
elements repeats the charging step during the cycle of the drive pulse, and y=Ts/(R-Cd). 

47. The apparatus as set forth in any one of claims 41 through 46, wherein the following relationship is satisfied: 

Cd/Cs < 0.01, 

where Cs is the capacitive component of the energy accumulating element, and Cd is the capacitance of the 
capacitive load. 

48. The apparatus as set forth in any one of claims 41 through 47, wherein: 

the capacitive load is an electrostatic drive electrode or a piezoid which is provided in an ink-jet head that 
pressurizes ink so as to jet out the ink in droplets; and 

the capacitive load drive circuit is a drive circuit for driving the electrostatic drive electrode or the piezoid of 
the ink-jet head. 

49. An image forming apparatus which includes an ink-jet head that uses an electrostatic drive electrode or a piezoid 
as a capacitive load to pressurize ink so as to jet out the ink in droplets, and a drive circuit for driving the electrostatic 
drive electrode or the piezoid of the ink-jet head, wherein: 

the drive circuit is the capacitive load drive circuit as set forth in any one of claims 1 thorough 36. 

50. The image forming apparatus as set forth in claim 49, wherein: 

the ink-jet head uses the piezoid to pressurize ink so as to jet out the ink in droplets; and 
the drive circuit drives the piezoid of the ink-jet head. 

51. A display apparatus which includes a display element, and a drive circuit for driving the display element, wherein: 

the drive circuit generates a pulse, to be applied to the display element and collects electrical power from the 
display element, by using the capacitive load drive circuit as set forth in any one of claims 1 through 35. 

52. A DC-AC converter for generating an AC voltage from a single DC voltage, wherein: 

the drive circuit generates the AC voltage while collecting electrical power, by using the capacitive load drive 
circuit as set forth in any one of claims 1 through 35. 

53. A method for driving a capacitive load by charging and discharging the capacitive load, comprising: 

an accumulating step of dividedly accumulating electrostatic energy in a plurality of energy accumulating el- 
ements; 

a charging step of sequentially supplying the electrostatic energy from the plurality of energy accumulating 
elements to the capacitive load so as to charge the capacitive load; and 

a collecting step of discharging the capacitive load so that the plurality of energy accumulating elements se- 
quentially collect the electrostatic energy from the capacitive load. 

54. A method for driving a capacitive load by charging and discharging the capacitive load, comprising: 
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(i) a step of preparing a first energy accumulating element having an first initial potential which is not 0, a 
second energy accumulating element, and a reference potential terminal to which either (a) a ground potential, 
(b) a potential which has the same polarity as the first initial potential supplied from a power source and which 
has a smaller absolute value than the first initial potential, or (c) a potential whose polarity is reverse to the 
polarity of the first initial potential supplied form the power source is applied as a reference potential; 

(ii) an initial potential applying step of applying the first initial potential to the first energy accumulating element, 
and applying to the second energy accumulating element a second initial potential which has the same polarity 
as the first initial potential and which has a larger absolute value than the first initial potential; 

(iii) a first charging step of selectively connecting the capacitive load with the reference potential terminal and 
then selectively connecting the capacitive load with the first energy accumulating element so as to change, 
toward the first initial potential, a terminal voltage of the capacitive load; 

(iv) a second charging step of selectively connecting the capacitive load with the second energy accumulating 
element so as to increase an absolute value of the terminal voltage of the capacitive load; and 

(v) a discharging step of selectively connecting the capacitive load with the first energy accumulating element 
so as to decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate 
electrostatic energy to be accumulated in the first energy accumulating element, the thus regenerated elec- 
trostatic energy being approximately equal to electrostatic energy as accumulated in the first energy accumu- 
lating element before the first charging step, 

the steps (iii) through (v) being carried out in this order. 

55. A method for driving a capacitive load by charging and discharging the capacitive load, comprising: 

(i) a step of preparing a power supply terminal to which a power supply potential is applied from a power 
source, a first energy accumulating element, and a third energy accumulating element; 

(ii) an initial potential applying step of applying to the first energy accumulating element a first initial potential 
which has the same polarity as the power supply potential and which has a smaller absolute value than the 
power supply potential, and applying to the third accumulating element either a potential which has the same 
polarity as the first initial potential and which has a smaller absolute value than the first initial potential, a 
ground potential, or a third initial potential whose potential is reverse to the polarity of the first initial potential; 

(iii) a first charging step of selectively connecting the capacitive load with the third energy accumulating element 
and then selectively connecting the capacitive load with the first energy accumulating element so as to change, 
toward the first initial potential, a terminal voltage of the capacitive load; 

(iv) a second charging step of selectively connecting the capacitive load with the power supply terminal so as 
to increase an absolute value of the terminal voltage of the capacitive load; and 

(v) a discharging step of selectively connecting the capacitive load with the first energy accumulating element 
so as to decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate 
electrostatic energy to be accumulated in the first energy accumulating element, the thus regenerated elec- 
trostatic energy being approximately equal to electrostatic energy as accumulated in the first energy accumu- 
lating element before the first charging step, 

the steps (iii) through (v) being carried out in this order. 

56. A method for driving a capacitive load by charging and discharging the capacitive load, comprising: 

(i) a step of preparing a first energy accumulating element, a second energy accumulating element, and a 
third energy accumulating element; 

(ii) an initial potential applying step of applying to the first energy accumulating element a first initial potential 
which is not 0, applying to the second energy accumulating element a second initial potential which has a 
larger absolute value than the initial potential of the first energy accumulating element, and applying to the 
third accumulating element either a potential which has the same polarity as the first initial potential and which 
has a smaller absolute value than the first initial potential, a ground potential, or a third initial potential whose 
potential is reverse to the polarity of the first initial potential; 

(iii) a first charging step of selectively connecting the capacitive load with the third energy accumulating element 
and then selectively connecting the capacitive load with the first energy accumulating element so as to change, 
toward the first initial potential, a terminal voltage of the capacitive load; 

(iv) a second charging step of selectively connecting the capacitive load with the second energy accumulating 
element so as to increase an absolute value of the terminal voltage of the capacitive load; and 
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(v) a discharging step of selectively connecting the capacitive load with the first energy accumulating element 
so as to decrease the absolute value of the terminal voltage of the capacitive load and so as to regenerate 
electrostatic energy to be accumulated in the first energy accumulating element, the thus regenerated elec- 
trostatic energy being approximately equal to electrostatic energy as accumulated in the first energy accumu- 
lating element before the first charging step, 

the steps (iii) through (v) being carried out in this order. 

57. A method for driving a capacitive load by charging and discharging the capacitive load, comprising: 

a providing step of preparing a power supply terminal to which a power supply potential is applied from a power 
source, a reference potential terminal to which either a reference power supply potential supplied from a ref- 
erence power source which is different from the power supply potential or a ground potential is applied as a 
reference potential, and a plurality of first energy accumulating elements; 

an initial potential applying step of respectively applying to the plurality of first energy accumulating elements 
initial potentials which are different from one another and which are between the reference potential and the 
power supply potential; and 

steps of (1) connecting the capacitive load with the reference potential terminal and then sequentially con- 
necting the capacitive load with the first energy accumulating elements in an order of the initial potentials from 
the initial potential closest to the reference potential, so as to change, toward the power supply potential, a 
terminal voltage of the capacitive load, (2) selectively connecting the capacitive load with the power supply 
terminal so as to increase an absolute value of the terminal voltage of the capacitive load, and (3) selectively 
connecting the capacitive load with the first energy accumulating elements in an order of the initial potentials 
from the initial potential closest to the power supply potential, so as to decrease the absolute value of the 
terminal voltage of the capacitive load and so as to regenerate electrostatic energy to be accumulated in the 
first energy accumulating elements, the thus regenerated electrostatic energy being approximately equal to 
electrostatic energy as accumulated in the first energy accumulating elements before the step (1), the steps 
(1) through (3) being carried out in this order. 
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